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Abstract
The next large collider to be build after the Large Hadron Collider LHC is the
electron-positron International Linear Collider ILC. Both collider concepts comple-
ment each other. The LHC, reaching centre of mass energies of up to 14 TeV, has a
high discovery potential, while the ILC with its well known initial state allows high
precision measurements.
A detector at the ILC will need a finely segmented calorimeter and a tracking
detector with high efficiency and momentum resolution, as well as good particle
identification. Currently there are four different concept studies trying to optimise
the detector for the requirements at the ILC. In three of these detector concepts a
time projection chamber (TPC) is foreseen as the main tracking device.
A TPC allows the measurement of several hundred points per track, providing a
very good tracking efficiency. With only 3 % of a radiation length in the barrel region,
the amount of material introduced into the detector is small compared to silicon
sensors. This minimises multiple scattering and improves the energy measurement
in the calorimeters. The TPC also provides a good measurement of the specific
energy loss dE/dx for particle identification.
To achieve the intended spatial resolution of 100 ţm, micro pattern gas detectors
(MPGD) are considered for gas amplification. These devices consist of structures
with a size of a few hundred ţm, in contrary to an anode wire readout with a pitch
of typically a few millimetres. This improves the granularity of the measurement and
minimises E ×B effects, resulting in an enhanced spatial and two track resolution.
Furthermore the backdrift of ions into the sensitive volume of the TPC is intrinsically
suppressed. This is essential, as the established method of gating away the ions after
each recorded event will not work at the ILC. Due to the bunch structure there will be
data from 150 bunch crossings simultaneously in the TPC. The two different MPGDs
discussed for the ILC TPC are Micro-Mesh Gaseous Detectors (Micromegas) and
Gas Electron Multiplier foils (GEMs).
The current thesis shows resolution studies with a TPC prototype equipped with
a triple GEM readout structure. A hodoscope made up of silicon strip sensors gives a
precision reference track, allowing an unbiased measurement of the spatial resolution.
High statistics measurements have been conducted at the DESY test beam facility,
which provides positrons with a tunable energy between 1 GeV and 6 GeV.
Using the independent measurement of the hodoscope allows systematic studies
of the homogeneity of the TPC’s electric field. The fluctuations of the field in the
chamber’s central region were found to be ∆E/E = 8 · 10−3. Field distortions have
been determined and corrected, reducing the remaining deviations to a level well
below the spatial resolution of the TPC.
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One important task is to reduce the number of ions drifting back into the sensitive
volume. Special GEM settings with minimised ion backdrift have been examined
with respect to their influence on the spatial resolution and it was found that the
spatial resolution is not degraded using these special settings.
The TPC at the ILC will be operated in high magnetic fields. Thus it is mandato-
ry to show that the anticipated performance can be achieved in magnetic fields. The
TPC prototype has been operated in a 4 T magnetic field, provided by a supercon-
ducting solenoid located at DESY Hamburg. Again the spatial resolution measured
with the ion backdrift optimised settings is compared to that achieved with non-
optimised settings. In both cases the measured resolution is approximately 130 ţm.
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Zusammenfassung
Der na¨chste große Beschleuniger, der nach dem Large Hadron Collider LHC ge-
baut werden wird, ist der Elektron-Positron Linearbeschleuniger International Li-
near Collider ILC. Die Konzepte der beiden Beschleuniger erga¨nzen sich gegen-
seitig. Der LHC erreicht Schwerpunktsenergien bis zu 14 TeV und hat ein hohes
Entdeckungspotential. Der ILC hingegen erlaubt Messungen von hoher Pra¨zision
durch den gut bekannten Anfangszustand.
Ein Detektor fu¨r den ILC beno¨tigt ein fein segmentiertes Kalorimeter, einen Spur-
detektor mit hoher Effizienz und guter Impulsauflo¨sung sowie gute Teilchenidenti-
fikation. Vier verschiedene Detektorstudien versuchen zur Zeit, den Detektor fu¨r
die Anforderungen des ILC zu optimieren. In drei dieser Detektorkonzepte ist eine
Zeitprojektionskammer (Time Projection Chamber, TPC) als Hauptspurdetektor
vorgesehen.
Eine TPC liefert mehrere hundert Punkte pro Spur, was eine hohe Rekonstruk-
tionseffizienz ermo¨glicht. Mit nur 3 % einer Strahlungsla¨nge im Zentralbereich ist
die in den Detektor eingebrachte Materialmenge klein im Vergleich zu Siliziumsen-
soren. Das minimiert die Vielfachstreuung und verbessert die Energiemessung in
den Kalorimetern. Außerdem bietet die TPC eine gute Messung des spezifischen
Energieverlustes dE/dx, die zur Teilchenidentifikation benutzt wird.
Um die angestrebte Ortsauflo¨sung von 100 ţm zu erreichen, werden Mikrostruktur-
Gasdetektoren zur Gasversta¨rkung untersucht. Die Strukturen dieser Detektoren
haben eine Gro¨ße von einigen hundert ţm, im Gegensatz zu Anodendra¨hten, die
im Abstand von einigen Millimetern gespannt sind. Das verbessert die Genauigkeit
der Messung und minimiert E×B-Effekte, woraus sich eine verbesserte Orts- und
Doppelspurauflo¨sung ergibt. Außerdem wird die Ru¨ckdrift von Ionen in das sensiti-
ve Volumen den TPC unterdru¨ckt. Das ist entscheidend, da die bewa¨hrte Methode,
nach jedem aufgezeichneten Ereignis zu gaten, beim ILC nicht funktioniert. Wegen
der Struktur der Teilchenpakete werden die Daten von bis zu 150 Strahlkreuzungen
gleichzeitig in der TPC sein. Die beiden diskutierten Mikrostruktur-Detektoren sind
Micro-Mesh Gasdetektoren (Micromegas) und Gas Electron Multiplier (GEMs).
Diese Arbeit zeigt Auflo¨sungsstudien mit einem TPC-Prototypen, der mit ei-
ner Dreifach-GEM-Struktur ausgestattet ist. Ein Hodoskop aus Silizium-Streifen-
Sensoren liefert eine pra¨zise Referenzspur, was eine unbeeinflusste Messung der
Ortsauflo¨sung ermo¨glicht. Am DESY-Teststrahl, der Positronen mit einer Energie
zwischen 1 GeV und 6 GeV liefert, wurden Messungen mit hoher Statistik durch-
gefu¨hrt.
Die unabha¨ngige Messung mit dem Hodoskop erlaubt systematische Studien der
Feldhomogenita¨t der TPC. Die ermittelten Feldfluktuationen im Zentralbereich der
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Kammer sind ∆E/E = 8 · 10−3. Feldverzerrungen wurden gemessen und korrigiert.
Die verbleibenden Abweichungen konnten so auf ein Niveau deutlich unter der Orts-
auflo¨sung der TPC reduziert werden.
Eine wichtige Aufgabe ist es, die Anzahl der Ionen zu reduzieren, die in das sensi-
tive Volumen der TPC zuru¨ckdriften. Spezielle Einstellungen der GEM-Spannungen
zur Minimierung der Ionenru¨ckdrift wurden in Bezug auf ihren Einfluss auf die Orts-
auflo¨sung untersucht. Es wurde keine Beeintra¨chtigung der Auflo¨sung durch diese
speziellen Einstellungen festgestellt.
Die TPC wird am ILC in einem hohen Magnetfeld betrieben. Deshalb ist es not-
wendig zu zeigen, dass die angestrebte Auflo¨sung auch im Magnetfeld erreicht wird.
Die Prototyp-TPC wurde in einem 4 T Magnetfeld betrieben, das mit einem su-
praleitenden Solenoidmagneten am DESY in Hamburg erzeugt wurde. Auch hier
wurde die Ortsauflo¨sung der ionenru¨ckdrift-optimierten Einstellung mit derjenigen
verglichen, die mit den nicht optimierten Einstellungen erreicht wurde. In beiden
Fa¨llen liegt die gemessene Auflo¨sung bei etwa 130 ţm.
iv
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1 Introduction
Particle physics tries to answer the questions “What is matter made of?” and “What
are the fundamental forces?”. At the beginning of the 20th century it was found
that matter is composed of particles which can chemically not be divided any more.
They were named atoms, a term originating from the Greek word atomos, which
means indivisible. However, it was later discovered that atoms are not indivisible,
but consist of a nucleus and electrons. The nucleus is made up of neutrons and
protons, and even these have a substructure, being composed of quarks and gluons.
But is this the final word?
Within the last decades, particle physics has developed a consistent theory to de-
scribe the constituents of matter and the forces acting between them up to energies
of the order of 100 GeV: The Standard Model of particle physics. This chapter gives
an overview of the current understanding of elementary particles. More comprehen-
sive introductions to particle physics and quantum field theories can be found in [1]
and [2], for instance.
1.1 The Standard Model of Particle Physics
In the Standard Model of particle physics the constituents of matter are fermions,
i. e. particles with spin 1/2. All interactions of particles can be described by three
fundamental forces: The strong force, the electroweak force and gravitation. The
Standard Model is based on three local gauge symmetries [3]. Quantum chromody-
namics (QCD) describes the strong force, while the electromagnetic and the weak
force are explained by the GSW theory, named after S. L. Glashow, A. Salam and
S. Weinberg, who were rewarded the Nobel prize in 1979 for this theory [4][5][6].
Gravitation is not included in the Standard Model, there is no quantum field theory
available for gravitation yet. In locally gauge invariant field theories the interac-
tion between fermions is implemented by the exchange of gauge bosons. For every
particle there is an anti-particle.
The fundamental fermions can be divided into two groups: leptons and quarks.
The electroweak force and gravitation act on all of them, while the strong force only
affects quarks. Leptons and quarks are grouped into three generations, where the
second and third generation are almost exact copies of the first one. All quantum
numbers are identical, only the mass of the fermions increases with the generation
number. In total there are 6 fermions and 6 quarks. Their names and properties
are shown in table 1.1.
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Leptons
Generation Name Symbol Charge [e] Mass [MeV]
Electron neutrino νe 0 < 2 · 10−6
1
Electron e −1 0.511
Muon neutrino νµ 0 < 0.192
Muon µ −1 105.7
Tau neutrino ντ 0 < 18.23
Tau τ −1 1777
Quarks
Generation Name Symbol Charge [e] Mass [MeV]
Up u +2/3 1.5–3.0
1
Down d −1/3 3–7
Charm c +2/3 (1.25± 0.09) · 103
2
Strange s −1/3 95± 25
Top t +2/3 (174.2± 3.3) · 103
3
Bottom b −1/3 (4.20± 0.07) · 103
Table 1.1: The fundamental fermions of the Standard Model [7]. As quarks are not
freely observable, their masses depend on the theoretical model used to
determine them. In this case the current masses in the MS scheme are
given [7]. The top quark mass is determined from direct measurements
at Tevatron.
2
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Force Gauge Boson Mass [GeV] Charge [e]
Strong 8 Gluons g 0 0
Photon γ 0 0
Electroweak W± 80.403± 0.029 ±1
Z 91.1876± 0.0021 0
Table 1.2: The force-mediating gauge bosons of the Standard Model [7].
1.1.1 Quantum Chromodynamics
The charge of the strong force has three states, called red, green and blue1. They
are bound together with eight massless, coloured gauge bosons called gluons. As the
gluons themselves have colour charge, there is gluon self-interaction. Free quarks
cannot be observed. If two bound quarks are separated from each other, the energy
content of the interchanging gluons grows with the distance. If the energy content
is large enough to create a new quark-antiquark pair, the bound state is split into
two, the particle hadronises. This results in the observation of so-called hadron jets.
As the quarks are not freely observable, their masses cannot be measured directly
(except for the top quark, which decays before hadronising). The masses in table 1.1
are the current quark masses [7].
1.1.2 The GSW Theory
The GSW theory is a unified theory of the electromagnetic and the weak force. Q
is the electric charge, the gauge boson of the electromagnetic force is the photon
γ. For the weak force the exchange bosons are called W +, W− and Z. All gauge
bosons of the Standard Model are listed in table 1.2.
It is found that the charged weak current W± only acts on fermions with left
chirality. The left-chiral quarks and leptons of each generation represent a doublet
of the weak isospin T , while the right-chiral fermions are isospin singlets. The
neutral current Z, however, does couple to charged, right-chiral fermions, but with
a different coupling strength. This is taken into account by introducing the weak
hypercharge Y , which is defined from the electric charge Q and the third component
of the weak isospin T3 by the Gell-Mann-Nishijima relation:
Q = T3 +
Y
2
Table 1.3 gives an overview of the electroweak multiplets and their quantum num-
1The names red, green and blue for the charges of the strong force, and the resulting name
chromodynamics, have been chosen in analogy to the colour theory, where red, green and blue
combined yields the colour white. In quantum chromodynamics, the three different states
together result in a colour neutral object. A proton for instance consists of three quarks of
different colour, but it carries no net colour charge.
3
1 Introduction
Generation Quantum Numbers
1 2 3 Q T T3 Y(
νe
e
)
L
(
νµ
µ
)
L
(
ντ
τ
)
L
0 1/2 +1/2 -1
Leptons -1 1/2 -1/2 -1
eR µR τR -1 0 0 -2(
u
d ′
)
L
(
c
s ′
)
L
(
t
b ′
)
L
+2/3 1/2 +1/2 +1/3
-1/3 1/2 -1/2 +1/3
Quarks
uR cR tR +2/3 0 0 +4/3
dR sR bR -1/3 0 0 -2/3
Table 1.3: The electroweak multiplets and their quantum numbers.2
bers. Note that the weak quark eigenstates d ′, s ′ and b ′ are not identical to the
quarks’ mass eigenstates d, s and b. They are connected by the Cabibbo-Kobayashi-
Maskawa matrix VCKM: 
 d ′s ′
b ′

 = VCKM

 ds
b


At low energies the electromagnetic component is much stronger than the other
interactions of the electroweak force. This is where the name weak force originates
from. It is due to the fact that the W and Z bosons are very heavy, while the
photon is massless. For energies in the range of the W and Z boson masses the
electromagnetic and the weak force reach the same order of magnitude, as figure 1.1
shows.
Breaking of the Electroweak Symmetry
In local gauge symmetries all force-mediating bosons should be massless. However,
the weak gauge bosons W and Z are very heavy. Local gauge symmetry can be
conserved by the Higgs mechanism [11][12][13], which introduces an additional field
with a non-vanishing vacuum expectation value. This gives mass to the W and Z
bosons and predicts a new scalar boson, the so called Higgs particle.
The Higgs boson is the only particle of the Standard Model which has not been dis-
covered yet. Direct searches at LEP have excluded Higgs masses below 114 GeV [14],
while constraints from electroweak precision measurements predict that a standard
model Higgs is below 194 GeV [7].
2Neutrino mixing experiments have shown that neutrinos are not massless [8][9]. This gives
existence to right-chiral neutrinos. They do not participate in weak interactions, as they carry
neither weak isospin nor charge. Note that the weak eigenstates are not identical to the mass
eigenstates [7].
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Figure 1.1: Unification of the weak and the electromagnetic force: The cross sec-
tions for charged and neutral currents become equal for high momentum
transfers [10].
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1.1.3 Beyond the Standard Model
The Standard Model is very successful and has been consistent with all precision
measurements up to now. But in the energy range of order 1 TeV new physics is
expected. Besides, the Standard Model still leaves unanswered questions. All the
fermion masses for instance are free parameters, which have to be measured and are
not predicted by the theory. And why are there exactly three generations of quarks
and leptons? Looking at cosmology one finds that only 4 % of the matter in the
universe are made up of baryons which can be observed, while 22 % are dark matter.
The latter can only be seen by its gravitational effects, but we do not know what
it is made of. The remaining 74 % are called dark energy, about which we know
even less. A last point to be mentioned is gravitation, which is not described by the
Standard Model at all.
Particle physics tries to find a common description of all particles and forces.
Grand Unified Theories (GUTs), combining the strong and the electroweak force,
are a next step in this direction. The most popular model is called Supersymmetry
(SUSY) [15]. In supersymmetric theories every fermion has a bosonic super-partner,
and vice versa, introducing a symmetry between fermions and bosons. The lightest
stable SUSY particle is a good candidate for dark matter. Even incorporating
gravitation into supersymmetric models is possible (supergravity) [16].
Most SUSY models predict that the lightest supersymmetric particles should be
visible in the energy range of LHC and ILC.
6
2 The International Linear Collider
Throughout the last decades it has emerged that hadronic and leptonic colliders
complement each other very well in the search for new particles at the energy frontier.
Hadronic machines provide the highest possible energies available with the current
accelerator technology, while e+e− colliders allow precision measurements due to
their well known initial state of interactions.
The next large accelerator currently under construction is the Large Hadron Col-
lider (LHC) at CERN in Geneva. It is a proton-proton collider with a centre-of-mass
energy of 14 TeV. This accelerator will be the discovery machine of the next decade.
There is consensus that the next accelerator built after the LHC will be an e+e−
collider. It is very desirable to operate both machines in parallel to take maximum
advantage of the complementing technologies.
Particle accelerators have often been implemented as storage rings, due to the
efficient usage of the accelerating structures and the possibility to collide the particle
bunches circling around over and over again. However, a charged particle on a curved
trajectory emits synchrotron radiation. The energy loss due to this radiation rises
with the fourth power of the energy E. It is suppressed only by the first power of
the radius R, but with the forth power of the particle mass m:
∆E ∼
(
E
m
)4
· 1
R
This is why circular electron-positron machines were the first to face this problem,
while for the hadrons, three orders of magnitude heavier than the leptons, syn-
chrotron radiation is not an issue yet. The Large Electron Positron Collider LEP,
operated at CERN until the end of 2000, probably was the e+e− storage ring with
the highest reasonable energy, reaching up to 209 GeV centre-of-mass energy. An
e+e− accelerator at the TeV scale will be realised as a linear collider.
Originally there were three approaches: The Global Linear Collider (GLC)1 in
Japan [17], the US American Next Linear Collider (NLC) [18] and the TeV Energy
Superconducting Linear Accelerator (TESLA) [19] in Europe. Both GLC and NLC
were based on normal conducting cavities, while superconducting niobium cavities
have been developed for TESLA.
In 2004 the International Technology Recommendation Panel proposed to operate
the linear collider on the basis of the superconducting accelerator technology of the
TESLA project [20]. After this decision the different approaches in America, Asia
and Europe have joint to build the International Linear Collider (ILC) project [21].
1Until march 2003 the project was named Japanese Linear Collider (JLC)
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Figure 2.1: A schematic layout of the International Linear Collider [21].
The ILC will be a truly global project with R&D from all over the world and
international funding. To coordinate all activities, the Global Design Effort (GDE)
has been established. A conceptual design report (CDR) is planned for the end of
2006, followed by a technical design report (TDR) in 2008.
2.1 The Accelerator
In a first phase the ILC will deliver a centre-of-mass energy of 500 GeV with an
upgrade option to 1 TeV [21]. The electron and positron beams both are polarised.
The ILC provides two interaction points, both at a crossing angle of 14 mrad.
Figure 2.1 shows the baseline design of the ILC. The two main accelerators have
a length of 10 km each. The overall length will be about 31 km.
The electrons from the polarised electron source are accelerated to 5 GeV before
they are injected into the electron damping ring (DR). The damping rings have a
circumference of 6 km. By emitting synchrotron radiation in the DR, the emit-
tance of the beam is reduced to allow the small beam size required to achieve the
anticipated luminosity of L = 2× 1034 cm−2s−1.
To produce positrons, the electron beam from the main linac is directed through a
200 m long undulator. The emitted photons hit the positron production target, and
the positions are likewise accelerated to 5 GeV before entering the damping rings.
A thin target allows the creation of a polarised positron beam.
The main linac consists of superconducting niobium cavities. They are oper-
ated at a gradient of 31.5 MV/m in the first phase with a centre-of-mass energy of
500 GeV. To achieve 1 TeV centre-of-mass energy in the second phase, the acceler-
ation gradient has to be increased to 36 MV/m. In addition, the tunnel will have
to be extended. The accelerator is operated in a pulsed mode, providing a bunch
train with 2820 particle bunches at a rate of 5 Hz. The spacing of the individual
bunches within the train is 308 ns with a bunch length of 500 ţm. Each bunch
carries 2× 1010 electrons or positrons.
2.2 Physics at the ILC
The Large Hadron Collider LHC with a centre-of-mass energy of 14 TeV will start
operation in the end of 2007. If there is a Higgs boson or Supersymmetry at an
energy of O(1 TeV), the LHC will most likely discover them. The task of the ILC
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Figure 2.2: The three main Higgs production processes at e+e− colliders.
will be to precisely measure their properties. But not only newly discovered particles
are to be addressed. The ILC will be the first e+e− collider to reach the tt¯ production
threshold at around 350 GeV. This allows to precisely measure the mass and the
electroweak properties of the top quark.
Higgs Physics
If a Higgs boson exists, the task of the ILC will be to exactly determine its mass,
lifetime, production cross section and decay channels. The main production pro-
cesses at an e+e− collider are Higgs-strahlung and WW fusion (figure 2.2). At the
production threshold the dominating process is Higgs-strahlung (figure 2.2(a)). A
highly virtual Z boson produced in the e+e− annihilation radiates a Higgs boson.
This process allows to reconstruct the Higgs mass independently of the Higgs decay,
only from the Z recoil mass. A light Higgs predominantly decays into bb¯. The Z can
decay into quarks or leptons. Especially the channel HZ → bb¯µ+µ− has a clear sig-
nature and low background. Figure 2.3 shows the number of expected events against
the reconstructed Z recoil mass for a Standard Model Higgs with m = 120 GeV.
Not only the Higgs mass, but also the couplings of the Higgs will be measured.
The Higgs couplings to the heavy gauge bosons W and Z are determined from the
respective production cross sections. For a known Higgs mass the Standard Model
predicts the branching ratios of the decay mode. The measurement of these cross
sections allows to test the Standard Model and is sensitive to new physics. For
higher energies the determination of the Higgs self coupling is possible.
Supersymmetry
Supersymmetry as the most popular extension of the Standard Model certainly is
of major interest at the ILC. The lightest SUSY particles are predicted to be within
the energy range of the ILC. It will be possible to identify the SUSY particles
and determine their quantum numbers, not only from radiative corrections to the
Standard Model but also from explicit energy scans around the production threshold.
This is possible due to the well known initial state and the possibility to polarise
9
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Figure 2.3: The Higgs boson mass reconstructed in the channel HZ → qq¯l+l− for a
Higgs mass of 120 GeV [22].
electrons as well as positrons. The ILC will also be able to test whether the lightest
supersymmetric particle really is the sought-after candidate for dark matter.
2.3 A Detector for the ILC
2.3.1 Overview
The design of ILC detectors is driven by physics needs. To meet the requirements, all
sub-detector components have to be improved compared to previous experiments.
The measurement of the Higgs mass as described in section 2.2 for instance re-
quires the momentum of electrons or muons to be measured as precisely as possible
to reconstruct the Z recoil mass. With an overall track momentum resolution of
δ(1/pt) ≤ 5×10−5 (GeV/c)−1 the width of the signal is mainly determined by initial
state radiation and beamstrahlung, and not by the detector resolution [23]. Effi-
cient and reliable b-tagging in the vertex detector enables the separation of b jets
and c jets. As the Higgs is identified from the Z recoil, this allows to determine the
H → bb¯ and H → cc¯ branching ratios. To separate Z and W in hadronic decays, an
excellent jet-energy resolution is needed. This will be implemented by the particle
flow concept, which tries to measure each individual particle as precisely as possible,
or by the dual readout scheme based on a fibre sampling calorimeter [24].
To optimise the design, many aspects have to be taken into account. A large
tracker for instance improves the tracking resolution, but it also increases the size of
the calorimeter. A large high resolution calorimeter on the other hand is expensive
and the number of readout channels technically feasible is limited. A full silicon
tracker has a good spatial resolution, but it introduces a lot of material inside the
10
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calorimeters. A TPC as main tracker, however, has a low material budget and gives
a good measurement of the specific energy loss dE/dx, but the spatial resolution is
limited.
Currently there are four different concept studies trying to optimise the detector
design, with emphasis on different aspects:
Ĺ The Global Large Detector (GLD)[25][26]
Ĺ The Large Detector Concept (LDC)[27][28]
Ĺ The Silicon Detector Concept (SiD)[29][30]
Ĺ The 4th Detector Concept (4th)[31][24]
All concepts, except for the SiD, have a TPC as main tracking device. As an example
the LDC will be explained in detail.
2.3.2 The Large Detector Concept
The layout of the LDC is shown in figure 2.4. An enlarged view of the tracking
system can be found in figure 2.5.
Ĺ The innermost detector is a five layer silicon pixel vertex detector (VTX),
followed by two layers of silicon strip sensors as intermediate tracker (SIT)
between VTX and the TPC.
Ĺ In the forward region there are seven forward tracking disks (FTD). The first
three disks are silicon pixel detectors, while the others are double sided silicon
strip sensors.
Ĺ The main tracking device is a large time projection chamber (TPC), which
allows 200 individually measured points on each track.
Ĺ A silicon external tracker (SET) around the barrel of the TPC and an end-
cap tracking detector (ETD) give an additional high precision tracking point
between TPC and calorimeter.
Ĺ The silicon-tungsten electromagnetic calorimeter (ECAL) has a cell size of
1×1 cm2 and provides up to 30 samples in radial direction.
Ĺ The hadronic calorimeter (HCAL) is made up of an iron-scintillator sandwich
and is segmented into 3×3 cm2 cells.
Ĺ The superconducting magnet encloses the HCAL and provides a magnetic field
of 4 T.
Ĺ The iron return yoke is instrumented with a muon tracking system.
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Figure 2.4: Sketch of the Large Detector Concept. The central tracking component
is a TPC. All dimensions are in mm. [28]
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The TPC
The TPC as the main tracking component of the LDC covers a radius from 300 mm
to 1580 mm and has a half length of 2160 mm. Two half TPCs are mounted
symmetrically on both sides of a central cathode. Table 2.1 gives an overview of the
LDC TPC performance.
Many TPCs have successfully been operated in large experiments, like ALEPH [32]
and DELPHI [33] at LEP. Currently a TPC is used at the STAR experiment [34] at
the RHIC accelerator. All these TPCs are based on anode wires as gas amplification
structures.
To improve the spatial resolution, it is planned to replace the anode wires by
micro pattern gas detectors. There are two different systems available: Micro-Mesh
Gaseous Detectors (Micromegas) [35] and Gas Electron Multipliers (GEMs) [36]. A
Micromegas based TPC is planned for the near detector of the T2K experiment [37]
at JPARK in Tokai, Japan. This thesis studies the spatial resolution of a GEM
based TPC prototype.
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Momentum resolution δ(1/pt) ≈ 10−4/(GeV/c) (TPC only)
Material budget < 0.03 X0 to outer field cage in r
< 0.30 X0 for readout endcap in z
Number of readout pads > 106 per endcap
Pad size ≈ 1× 6 mm2
Single point resolution in r-ϕ ≈ 100 ţm
Single point resolution in r-z ≈ 0.5 mm
Two-track resolution in r-ϕ < 2 mm
Two-track resolution in r-z < 5 mm
dE/dx resolution ≈ 5 %
Field homogeneity ∆E/E ≤ 10−4
Tracking efficiency > 98 % for cos θ < 0.9
Table 2.1: Performance requirements for the TPC in the Large Detector Concept [28].
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The time projection chamber (TPC) was introduced by D. R. Nygren in 1974 [38].
It is a large drift chamber with a homogeneous electric field between a drift cathode
and a readout structure, which makes up the anode of the drift volume. To provide
a good homogeneity of the drift field, the shell of the TPC is made up of a field cage.
Strips of conducting material are equidistantly placed between cathode and anode,
for example etched into a copper or aluminium coating of a Kaptonő foil. A voltage
divider chain of resistors between cathode and anode puts each of these strips to
a defined potential, corresponding to the equipotential surfaces of a homogeneous
field.
The working principle of a TPC is shown in figure 3.1. A charged particle passing
the chamber leaves ionised atoms and free electrons along its trajectory. In the
electric field the ions drift towards the cathode, the electrons towards the anode.
Here the projection of the track is detected on a two-dimensionally segmented pad
plane. The third spatial coordinate can be determined by measuring the time which
the electrons need to drift to the readout plane. In the homogeneous field the drift
velocity vdrift is constant, so the z coordinate can simply be calculated from the
difference between the time of the particle passage t0 and the time of the signal
detection t1 :
z = (t1 − t0)vdrift
Before the signal is detected on the pads, it has to be amplified. This is done by gas
amplification, using either wires or micro pattern gas detectors. Gas amplification is
a crucial part of the TPC, as well as the primary ionisation process and the drift, so
these topics will be discussed in detail in the following sections. For further reading
see reference [39], for instance.
3.1 Ionisation in Gas
A highly energetic, charged particle traversing a gas volume collides with the gas
molecules, causing excitation and ionisation. This leaves ionised gas atoms and free
electrons along the particle trajectory.
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Figure 3.1: The working principle of a TPC: A particle traversing the chamber
ionises the gas along its trajectory. The produced electrons drift to
the readout. The projection onto the pad plane gives a two-dimensional
measurement. Determining the time between particle transition and sig-
nal detection allows to calculate the z coordinate, perpendicular to the
pad plane: z = (t1 − t0)vdrift. This allows a three-dimensional track
reconstruction. The field homogeneity between cathode and anode is
ensured by the field cage. In this sketch the drift anode consists of wires
running perpendicular to the drawing plane.
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Figure 3.2: Specific energy loss of highly energetic particles, measured with the
PEP4/9 TPC in Ar/CH4 80/20 gas at 8.5 atm pressure [7].
The energy loss along the path dE/dx is approximately described by the Bethe-
Bloch formula:
−dE
dx
= 4piNA r
2
e me c
2ρ
Z
A
z2
1
β2
(
ln
(
2me c
2γ2β2Tmax
I2
)
− β2 − δ
2
)
(NA: Avogadro’s constant; re = e
2/ (4pi0 me c
2): classical electron radius; me: elec-
tron mass; ρ: absorber density; Z, A: atomic number and atomic mass of the ab-
sorbing material; z: charge of the travelling particle in units of e; Tmax: maximum
kinetic energy which can be transferred to a free electron in one collision; I: mean
excitation energy of an absorber atom; δ: density effect correction for highly rela-
tivistic particles)
For small energies, dE/dx is proportional to 1/β2 and reaches a minimum around
βγ ≈ 4. Particles in this energy range are called minimum ionising particles. For
higher energies the energy deposit rises due to the logarithmic term ∼ ln (γ2β2).
For electrons and positrons the approximation of the Bethe-Bloch formula is not
valid. This is due to the small electron mass and the fact that the main scattering
partners in the absorber are electrons. The cross section for electron-electron scat-
tering is different than for scattering processes of heavier particles with electrons.
Figure 3.2 shows the specific energy loss for different particles in gas. Knowing
the particle momentum, this distribution allows particle identification in a certain
energy range by measuring dE/dx.
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The Bethe-Bloch formula only describes the mean energy loss per unit length.
For short absorber distances however (a few centimetres of gas at atmospheric pres-
sure for instance), the actual energy deposition follows a Landau distribution [40].
This distribution is asymmetric and has a tail towards higher energies. The energy
deposition is non-continuous and has large fluctuations, because the energy trans-
ferred to an absorber electron in a single collision can be very high. Towards longer
absorber distances or averaging over many measurements, the distribution becomes
more and more Gaussian shaped, according to the central limit theorem.
3.2 Drift and Diffusion in Gases
Applying an electric field to the detector volume causes the ions and electrons from
the ionisation process to move in different directions, according to their charge. This
separates the electrons from the gas ions and prevents them from recombining. The
positively charged gas ions start drifting towards the cathode, the electrons towards
the anode. Here the electron signal is amplified and read out.
In a TPC the electrons drift long distances before detection (O(1m)), so this
section will give a closer look at drift and diffusion.
3.2.1 Drift of Electrons
The electrons are accelerated by the electric field E until their next impact with a
gas molecule. In the collision the electron is scattered and looses energy. Averaging
over many collisions, the mean energy loss equals the energy gain in the acceleration.
Macroscopically this leads to a motion with a mean drift velocity:
v−drift =
e
me
τE
Here e and me are the electron charge and mass, τ is the mean time between two
collisions. The latter is determined by the cross section σ and the energy loss per
collision.
The collision cross section has a characteristic minimum for a specific particle
energy E , for argon at E ' 0.25 eV for instance. This phenomenon is known as
Ramsauer effect [41] and appears if the wavelength of the electron is in the same
range as the molecule radius [42]. The minimum in the cross section leads to a
maximum in τ , and thus to a maximum in the drift velocity.
The energy loss per collision strongly depends on the excitation threshold of the
gas. For the noble gas Argon it is 11.5 eV, while for quencher gases1 with additional
rotational states it is much lower, 0.03 eV for methane for instance. Therefore the
drift velocity and the position of the maximum depend on the gas mixture [43].
Figure 3.3 shows the electron drift velocity versus the electric field for the gases
used in the measurements of the present work.
1Quenchers are added to the gas mixture to allow stable gas amplification, see section 3.3.
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Figure 3.3: Drift velocity as function of the electric field for different gas mixtures
(Magboltz [44] simulation).
Usually a TPC is operated at the maximal drift velocity, because here the first
derivative is zero and the drift velocity does not change for small variations of the
electric field.
3.2.2 Drift of Ions
Ions have much larger masses than electrons. For typical drift fields in time projec-
tion chambers, the energy gain between two collisions is of the order or below the
thermal energy of the gas molecules at room temperature. This causes the ion mo-
bility to be independent of the electric field. Thus the drift velocity is proportional
to E:
v+drift = µ
+E
Due to the high mass, the drift velocity for ions is by a factor of O(10−4) smaller
than for electrons. Table 3.1 shows the measured mobilities of noble gas ions in
their parent gas. Ions can exchange electrons with neutral atoms, transferring the
ionisation to another molecule. This changes the ion mobility. In gas mixtures,
molecules of a different gas component with a different cross section can be ionised
by this effect, also having an impact on the mobility. But again, the mobility only
depends on the gas mixture, not on the electric field.
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Gas Ion Mobility
[cm2 V−1 s−1]
He He+ 10.40 ± 0.10
Ne Ne+ 4.14 ± 0.2
Ar Ar+ 1.535 ± 0.007
Kr Kr+ 0.96 ± 0.09
Xe Xe+ 0.57 ± 0.05
Table 3.1: Measured ion mobilities of noble gas ions in their parent gas [39].
3.2.3 Drift in Electric and Magnetic Field
In large particle detectors for high energy physics usually a magnetic field is present.
It allows to determine the momentum of the highly energetic particles from the
curvature of their trajectories. As the drifting electrons and ions in the drift chamber
are charged particles moving in this magnetic field, they are affected by it. Assuming
the mean time between collisions τ being independent of E, the drift in electric and
magnetic fields can be described by an equation of motion, known as Langevin
equation:
m
d~vdrift
dt
= e ~E + e
[
~vdrift × ~B
]
− m
τ
~vdrift
e and m again are charge and mass of the drifting particle, the term m
τ
corresponds
to a frictional force proportional to the drift velocity.
Solving this equation for a steady state (d~vdrift
dt
= 0) and for times t much longer
than τ gives:
~vdrift = e
τ
m
∣∣∣ ~E∣∣∣ 1
1 + ω2τ 2
(
Eˆ + ωτ
[
Eˆ × Bˆ
]
+ ω2τ 2
(
Eˆ · Bˆ
)
Bˆ
)
where Eˆ and Bˆ are the unit vectors in the direction of electric and magnetic field
and ω = (e/m)B is the cyclotron frequency.
If the dimensionless term ωτ is large, the drift direction is predominantly along
~B. In case of ~E perpendicular to ~B the last term is zero, the particle drifts mostly
along the Eˆ × Bˆ direction. For small ωτ however, the drift is in ~E direction.
For the ILC TPC a magnetic field parallel to the electric field is planned. In this
case the drift direction is not affected by the magnetic field. But neither the electric
nor the magnetic field will be 100 % homogeneous, and for the long drift distances
even small field distortions will have to be known to calculate the correct mapping
of the particle trajectory. Especially for the high electric fields in the amplification
region, ~E and ~B have an angle and can cause deviations which could degrade the
spatial resolution.
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3.2.4 Diffusion
The drifting electrons collide with the gas molecules and are scattered. As they are
light compared to their impact partners, they are scattered isotropically. Therefore,
after a few collisions the electrons in the cloud have momentum components in all
directions and the electron cloud diffuses.
The density distribution of the electrons ρel satisfies the continuity equation for a
conserved electron current ~Γ:
~Γ = ρel~vdrift −D∇ρel = const.
The solution of this equation is a Gaussian density distribution with a time de-
pendent width:
ρel =
(
1√
4piDt
)3
exp
(−r2
4Dt
)
Assuming a charge cloud starting at the origin and drifting along the z direction,
r2 = x2 + y2 +(z − vdriftt)2 is the squared distance to the centre of the charge cloud.
So the width of this distribution in any direction is
σ =
√
2Dt
with D being the diffusion constant.
Electric Anisotropy
The assumption of an isotropic diffusion is not correct. The energy is different for
electrons in the middle of the charge cloud and at the leading edge of the distribution.
If the collision cross section is a function of the electron energy, as explained in
section 3.2.1, this corresponds to a change of diffusion. Detailed calculations show
that the diffusion in the drift direction (longitudinal diffusion DL) is changed, while
in the perpendicular direction the diffusion (transverse diffusion DT) behaves as in
the isotropic case.
The resulting electron density distribution is
ρel =
(
1√
4piDTt
)2
1√
4piDLt
exp
(
−x
2 + y2
4DTt
− (z − vdriftt)
2
4DLt
)
The transverse diffusion for different gases is depicted in figure 3.4.
Magnetic Anisotropy
A magnetic field also introduces an anisotropy of the diffusion. As forseen in the
ILC TPC, the magnetic field is considered to be along the z axis, parallel to the drift
direction. The magnetic field causes each particle trajectory to be a helix between
two impacts, its projection onto the xy plane being a circle with radius
ρ =
c
ω
sin θ
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Figure 3.4: Transverse diffusion without magnetic field in three different gas mix-
tures (Magboltz [44] simulation).
c is the current velocity between two collisions, and θ the angle between its direction
and the z axis. Again, ω is the cyclotron frequency.
Hence, the transverse components of the motion are curled up, which reduces the
transverse diffusion:
DT(ω) =
1
1 + ω2τ 2
DT(0)
The longitudinal diffusion is not changed by the magnetic field in this specific case.
3.3 Gas Amplification
For large electric fields the electrons gain sufficient energy between the collisions to
ionise the gas molecules. The additional free electrons are accelerated as well and
cause further ionisation, which produces an avalanche. This process is known as gas
amplification. The number of free electrons created by the particle traversing the
gas volume (primary electrons) is small: It is of the order of 100 electrons per cm
in Argon at atmospheric pressure. Distributing these electrons across several pads
would result in only a few electrons per pad. This is insufficient for an electronic
amplifier to achieve a satisfactory signal to noise ratio, as the electronic noise even
for the best amplifiers is of the order of a few electrons. Gas amplification provides
the possibility to multiply the number of primary electrons by a factor of 104 to 105.
The number of electron-ion pairs dN produced per length ds is described by the
first Townsend coefficient α:
dN(s) = α(s) N(s) ds
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In the strong, inhomogeneous fields of a gas amplification structure the electric field
depends on s. As the ionisation cross section changes with the electric field, α also
depends on s.
Assuming that the electric field is above the ionisation threshold between s1 and
s2, the total number of electrons N after gas amplification created from the number
N0 of primary electrons is
N = N0 exp
(∫ s2
s1
α(s) ds
)
= N0 G
The factor G = N/N0 is called gain factor.
3.3.1 Proportional Wire Readout
In proportional wire chambers the large electric fields are created near a thin wire,
referred to as amplification wire or sense wire. The field amplitude goes like 1/r,
with r being the distance to the wire. In this case s1 corresponds to the critical radius
where the electric field is large enough for amplification, s2 to the outer radius of
the sense wire. Near the wire the field lines are perpendicular to its surface, which
means the motion of the electrons is radial.
With increasing electric field, more and more electrons from the inner shells can
be excited. Subsequently a photon is emitted, which has a long free path and can
start an additional ionisation avalanche. In this case the signal is not proportional
to the number of primary electrons any more. It might even lead to a continuous
amplification process near the wire called streamer. To keep the signal proportional
to the primary charge and allow stable operation for high gain factors, these photons
have to be absorbed. This is achieved by adding a quencher to the noble gas. These
quenchers have a high absorption cross section for the photons. Throughout the
present work, carbon dioxide (CO2) and methane (CH4) have been used.
For a TPC, the amplification structure has often been implemented as multi-wire
proportional readout. A grid of thin amplification wires is clamped near the pad
plane, while an additional, grounded layer represents the anode of the drift space
(figure 3.5). The sense wires are at a high positive potential. To improve the field
quality in the amplification region, field wires are placed alternating with the sense
wires in one plane. An electron drifting towards the readout structure passes the
zero grid and enters the amplification region. The electrons are amplified at the
sense wires, which induces a signal on the pads, mainly caused by the ions moving
from the wires towards the pads. As the drift velocity of ions is slow compared to
electrons and the time scale of the amplification process, this signal is comparatively
long.
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Figure 3.5: Field lines and electrode positions for a multi-wire TPC readout (simu-
lation performed with COMSOL Multiphysics [45]).
3.3.2 Micro Pattern Gas Detectors
Proportional wires have been operated successfully for decades in gaseous detectors.
However, they have some limitations: The wires are always oriented along one di-
rection, which introduces an anisotropy. The minimal distance between the wires
is of the order of a few millimetres, limiting the achievable position resolution. To
keep the wires at their nominal position, a strong tension is needed which requires
a stiff support frame. The strong electric field near the wires is not parallel to the
magnetic field, which is usually perpendicular to the readout plane of a TPC. This
introduces distortions known as ~E× ~B effects.
Most of these problems can be avoided using micro pattern gas detectors like
Micromegas or GEM foils. The amplification structures of these devices have a
pattern with a size of O(100 ţm).
Micromegas
A Micro-Mesh Gaseous detector (Micromegas) [35] consists of a very fine wire
mesh (micro-mesh) mounted at a small distance (50–100 ţm) above a pad plane.
Applying a voltage of a few hundred volts between mesh and pad plane leads to gas
amplification in this region. The mesh represents the anode side of the drift region,
as shown in figure 3.6. An electron drifting towards the Micromegas passes the mesh
and is amplified in the high field between mesh and pads. Afterwards the electrons
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Figure 3.6: Scheme of a Micromegas detector [23].
are collected on the pad plane. To ensure a uniform gas amplification, the distance
between mesh and pads has to be kept constant across the whole readout structure.
This is achieved using pillars or a spacer grid. As the electron signal is much faster
than the induced ion signal of wires, this device allows a better time resolution.
Gas Electron Multiplier Foils
Gas Electron Multipliers (GEMs) were first introduced in 1997 by CERN’s Gas
Detector Development Group [36]. They are made up of a usually 50 ţm thick
Kaptonő2 foil, coated with a copper layer on both sides. A pattern of holes is
etched into the foil. The pitch of the pattern is of the order 100 ţm. Figure 3.7(a)
shows a picture of a GEM foil.
A potential difference of 300–400 V between the two copper electrodes of a GEM
foil produces a high electric field in the holes, which is used for gas amplification.
A GEM based amplification structure usually consists of two or three GEM foils,
spaced by 1–2 mm and mounted onto a pad plane. For this detector the drift anode
is represented by the surface of the uppermost GEM in the stack. To extract the
electrons from one foil and transfer it to the next foil or the pad plane, an external
electric field is applied. Figure 3.7(b) shows a simulation of a GEM’s drift lines.
Like in the case of Micromegas the electron signal is directly measured on the pads,
allowing a good resolution in time.
2Kaptonő is a polyimide foil, which is a very good electric insulator. Kaptonő is a registered
trademark of DuPont incorporation.
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(a) Scanning electron microscope picture of a
GEM foil [46].
(b) The drift lines of a
GEM foil, simulated with
Garfield [47].
Figure 3.7: Detailed view of a GEM.
3.4 Ion Backdrift
3.4.1 Multi-Wire Proportional Readout and Active Gating
In a multi-wire proportional readout, many electron-ion pairs are produced near the
sense wires by gas amplification. While the electrons end up on the wires, the ions
drift in the opposite direction. Without any precautions, a large fraction of these
slowly drifting charge carriers would end up in the sensitive volume of the TPC. On
the one hand this deteriorates the electric field of the drift region, on the other hand
the drifting primary electrons might combine with the ions, which would lead to a
loss of primary statistics. To prevent the ions from drifting back, an additional layer
of wires called ion gate is placed between drift volume and amplification structure.
This gate has to be switched actively between its open and closed state.
In the open state (figure 3.8(a)) all wires are at the potential corresponding to
their position so the homogeneous field is not affected. The gate is transparent for
the electrons from the sensitive volume, but as well for the ions drifting back.
If the gate is closed (figure 3.8(b)), the wires are alternately switched to a higher
and a lower potential, so that the field lines in the gating plane are perpendicular to
the drift direction. All field lines end up on the wires. This prevents the ions from
reaching the drift volume. On the other hand electrons cannot pass the gate either,
which means the chamber is blind while the gate is closed.
In large experiments the gate usually is closed all the time, until a trigger signal
from one of the other sub-detectors indicates an interesting event. There is enough
time to open the gate until the primary electrons are drifted to the readout structure.
After the recording of the signal the gate is closed again. This prevents for instance
cosmic muons, which are not recorded, to produce backdrifting ions.
26
3.4 Ion Backdrift
(a) Open gate: The gating
plane is transparent for elec-
trons and ions.
Cathode Plane
Gating Grid
Zero Grid
Sense and Field Wires
Pad Plane
(b) Closed gate: Alternat-
ing potentials in the gating
plane prevent ions from drift-
ing back to the sensitive vol-
ume.
Figure 3.8: Operation of a gating grid (simulation performed with COMSOL
Multiphysics [45]).
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Figure 3.9: Scheme and naming convention of a drift chamber with triple GEM
readout (dimensions not to scale).
For the ILC with a bunch spacing of 308 ns there is data from about 150 bunch
crossings simultaneously inside the TPC. Therefore the gate cannot be closed in
between individual bunches. A different way to suppress the ion backdrift has to
be found, and again the micro pattern gas detectors are a good candidate because
they have an intrinsic suppression of ion backdrift.
3.4.2 Ion Backdrift Suppression in Micromegas
The Micromegas has a very high field below the mesh, causing most of the field
lines in the amplification region to originate from the mesh. Most of the ions drift-
ing back will follow these field lines and end up on the mesh. The ion backdrift
suppression is determined by the field ratio between the drift field and amplifica-
tion field. This means that the fraction of ions drifting back becomes smaller with
higher gas amplification. For a Micromegas TPC, an ion backdrift of 2 to 3 per mill
is expected [48].
3.4.3 Charge Transfer in a GEM Stack
The charge transfer in a multi-GEM structure is determined by the voltages across
the GEM foils and the electric fields between the GEMs. Figure 3.9 shows the
sketch of a triple GEM readout and the naming convention used below. GEM1 is
the GEM facing the drift volume, the field between GEM1 and GEM2 is referred to
as first transfer field (Etrans1). The field between GEM3 and the pad plane is called
induction field Eind.
For each GEM foil there are two important transfer parameters:
Ĺ Collection efficiency C: Fraction of charge carriers (electrons or ions) trans-
ferred into the GEM hole
C± =
Ne−,I+ collected into GEM hole
Ne−,I+ in front of GEM
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Ĺ Extraction efficiency X: Fraction of charge carriers extracted from the GEM
hole
X± =
Ne−,I+ extracted from GEM
Ne−,I+ in GEM hole
The index + refers to positive ions, the index − to electrons.
The gas amplification in the GEM is denoted by the gain factor G:
G =
Ne− in GEM hole
Ne− collected into hole
The effective gain Geff of a GEM foil is the number of electrons after passing the
GEM divided by their original number in front of the GEM. It is described by the
product of collection, gain and extraction:
Geff = C
−GX−
Ion backdrift ι is defined as the ratio of ions drifting back to the number of
electrons recorded on the anode pads [49]:
ι =
NI+ drifting back
Ne− on anode
Collection and extraction of electrons and ions depend on the voltage across the
GEM foil and the magnitude of the electric fields on both sides. A good under-
standing of these parameters can be found by studying the electrostatics of a GEM,
as presented in reference [50]. Assuming the charge carriers follow the electric field
lines, all transfer coefficients can be calculated from the electric flux in a GEM hole.
From the results an electrostatic parametrisation has been developed. Figure 3.10
shows the results, which have also been published in [51]. Collection and extraction
are plotted against the ratio of the external field to the field inside the GEM hole.
For a constant GEM voltage, the field inside the hole is almost constant (neglecting
the small penetration of the external field). Therefore the ratio is proportional to
the external field.
The collection is 1 for small external fields and starts to drop for field ratios above
0.05. The extraction becomes better for increasing external field. A high transfer
field for instance means good electron extraction from the GEM, but also good ion
extraction from the next GEM and a low electron collection.
GEM Settings to Minimise Ion Backdrift
From the collection and extraction efficiencies it is not obvious at first sight which
fields and voltages to chose. Reference [52] has studied the charge transfer in a
GEM structure in detail and shows that ion backdrift in a triple GEM stack can be
minimised following a simple set of rules:
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Figure 3.10: Electrostatic simulation and parametrisation of collection and extrac-
tion efficiency [50].
Ĺ The first transfer field and the induction field should be maximal.
Ĺ The second transfer field should be minimal (about 100 V/cm).
Ĺ The voltage across the third GEM should be maximal.
Ĺ The voltages across the first and second GEM have small influence on the ion
backdrift and are used to set the required effective gain.
The drift field is determined by the gas mixture, as described in section 3.2.1.
The maximum values for the voltages and electric fields are dependent on the
discharge probability. They should be as high as possible, which allows a better ion
backdrift suppression, but the setting still has to operate reliably. An ion backdrift of
2.4 per mill has been achieved for a triple GEM structure in 4 T magnetic field [52].
In contrary to the Micromegas, the fraction of ions drifting back does not depend
on the gain, but only on the applicable voltages and fields. This means the absolute
number of ions drifting back is lower for lower effective gain.
The small second transfer field is crucial for the ion backdrift suppression, but
also reduces the electron extraction from the second GEM. The issue that this could
lead to a degradation of the signal quality is examined in chapter 8.
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The ILC TPC group of the III. Physics Institute at RWTH Aachen has constructed
a field cage prototype which is designed to provide a field homogeneity of better
than 10−4 [53]. This chapter introduces the field cage and the readout system of the
TPC prototype.
4.1 Field Cage
One of the main tasks of the new TPC is performing measurements in high magnetic
fields. To fit into the 5 T superconducting magnet at DESY (see section 4.7), the
outer diameter has been set to 260 mm. An inner diameter of 231 mm leaves enough
space to house the standard GEM foils and to place all cables for the high voltage
supply. A drift distance of 263 mm allows fields up to 1000 V/cm using a 30 kV
power supply for the cathode voltage.
The field cage itself consists of two layers of copper strips. The strip pitch is
2.8 mm and the inner layer is shifted against the outer layer by half a pitch, so that
the copper of the strips overlap. This prevents the electrical field between the strips
and the grounded outermost layer from penetrating into the drift volume.
Figure 4.1 shows a sketch of the field cage. Four layers of insulating Kaptonő are
glued onto the inner Kaptonő layer holding the copper strips. The mechanical sup-
port structure is made up of aramid honeycomb and a layer of glass fibre reinforced
plastics (GRP). The outermost layer is a grounded aluminium foil.
To prevent the gas from being heated by the resistors of the voltage divider, the
resistor chain is placed outside the gas volume. A high voltage insulating ceram-
ics plate provides thermal contact to the environment and dissipates the heat. A
photograph of the TPC prototype is shown in figure 4.2.
4.2 Readout Plane
The readout plane consists of 1120 pads with a size of 1.27×7 mm2 (figure 4.3). The
plane is composed of five blocks with 14 rows of 16 pads each. From one block to
the next the structure is shifted by one row. This is necessary due to the mechanical
layout of the connectors to the preamplifiers. These connectors are directly placed
on the back of the board (see figure 4.4).
With the current electronics 448 channels can be read out, which means that two
of the five blocks can be equipped. For the measurements presented in this thesis,
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Figure 4.1: The sandwich structure of the field cage [53].
Figure 4.2: The prototype TPC: Inside the chamber the inner field strips are visible.
In the back part of the chamber the electrical shield surrounding the first
GEM can be seen. The mounting frame of the GEM is covered with an
adhesive copper foil. The resistor chain for voltage division is located
outside the gas volume, in the flat part at the bottom of the chamber.
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Block 1 Block 5Block 4Block 3Block 2
x
y
z Active Area
Figure 4.3: Layout of the pad plane and orientation of the coordinate system as seen
from inside the chamber. The active area is shaded.
(a) The pad plane of the TPC prototype.
In the corners of the copper-plated area the
mounting rods of the GEM stack are visible.
The connectors in the lower part provide the
high voltage for the GEMs.
(b) The connectors for the preamplifiers at
the back of the readout plane. Two of the
Preshape32 preamplifiers are plugged in.
Unused readout pads are grounded using
short circuit connectors.
Figure 4.4: The readout plane and the preamplifier connectors on its back.
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Figure 4.5: Geometry of the GEMs used for the measurements: The pitch of the
hexagonal pattern is p = 140 ţm, the inner hole radius is e = 50 ţm,
the outer radius in the copper coating is d = 70 ţm, the Kaptonő foil
has a thickness of k = 50 ţm, the copper coating of c = 5 ţm [52].
block 2 and 3 were used. This corresponds to an active area of 40.6× 104.8 mm2
(with the first and the last half row being inactive). Note that the active area of a
GEM foil is 100× 100 mm2, which means that the first and the last row are only
partially covered. Therefore, a lower signal level is expected.
A stack of three GEMs is mounted onto the readout plane. The GEMs were
produced by the Gas Detector Development Group at CERN [46]. They have an
active area of 100× 100 mm2. The Kaptonő foil is 50 ţm thick, coated with 5 ţm
of copper on each side. The holes are arranged in a hexagonal pattern with 140 ţm
pitch. Due to the etching process used in the production, the inner diameter off
50 ţm is smaller than the diameter in the copper coating, which is 70 ţm. Figure 4.5
shows a sketch of the GEMs’ geometric parameters.
The GEMs are glued in between two frames to stretch them. These 0.5 mm thick
frames have outer dimensions of 124× 124 mm2. They are placed on threaded rods
with spacers between them, so the transfer gaps between the GEMs and from the
last GEM to the pad plane are 2 mm each. To provide a homogeneous field, the
uppermost GEM is surrounded by an electrical shield made of brass. This shield
is mounted on the readout board using spacers to assure the correct positioning
with respect to the GEMs (figure 4.6). The GEM frame is made up of insulating
glass fibre resin compound and would introduce a non conducting surface into the
anode plane of the drift region. This would result in a penetration of the extremely
inhomogeneous fields at the edge of the GEM stack into the drift space. To avoid
this, the frame has been coated with a self adhesive copper foil. The foil is pasted
onto the frame and across the small gap onto the shield. Due to its conducting
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Copper Foil
Shield
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GEM Frames
Readout Board with PadsSpacers
GEMs
Figure 4.6: Positioning of the readout structure in the field cage: The nominal po-
sition of the shield’s upper edge corresponds to centre of the field cage’s
first strip and the frame of the first GEM.
glue, it is at the same electric potential as the shield. Every GEM electrode as well
as the shield and the first strip of the field cage are connected to a separate high
voltage source. Each high voltage cable is connected to a gas tight lead-through in
the readout board.
The readout board with the GEM stack and the shield is directly mounted onto
the end plate of the chamber. The nominal z position of the shield corresponds to
the centre of the first field strip. The shield has a mechanical offset of 0.5 mm to the
cathode of GEM 1 (the uppermost GEM electrode facing the drift volume). This
is because the GEM frame is 0.5 mm thick and the shield has to be in-plane with
it. Due to mechanical inaccuracies the shield and GEM 1 are not precisely at their
nominal position. The individual high voltage channels for the GEMs, the shield
and the first strip of the field cage allow to compensate for these inaccuracies and
the 0.5 mm between GEM 1 and the shield (see section 7.1.1).
4.3 Readout Electronics
The signal of each pad is electronically amplified using the Preshape32 chip [54],
a 32 channel preamplifier and shaper with 45 ns rise time. Therefore, it can take
advantage of the fast electron signals from a GEM amplification structure.
Cable drivers allow to transfer the signals over a distance of 8 m to the ADCs1.
The signals are recorded using the Fastbus-based Time Projection Digitisers (TPDs),
which were developed for the ALEPH experiment. They have a sampling frequency
of 12.5 MHz and a resolution of 8 bits. A memory of 512 bytes per channel allows
to record 40 ţs per event. One TPD board contains 64 ADC channels, the Fastbus
crate can house up to seven TPDs, which results in a total of 448 channels for this
setup.
The clock is generated by a module called SMTPD, which was not part of the
original ALEPH readout chain. It generates test pulses for debugging the TPDs.
1ADC: Analogue-Digital Converter
35
4 The TPC Prototype
Pressure
Reducer
O 2
P
Controller
Manual Valve /
Flow Meter
Gas Supply
Meter
Oxygen
TPC
Manual Valve /
Flow Meter
Exhaust
Figure 4.7: The gas system.
A FVSBI controller card, produced by CES, is working as bus master. It is con-
nected to a Macintosh IIfx personal computer using the CES FVI 9214 VICbus to
FASTBUS Interface [55]. The Macintosh is connected to a Linux PC via a 10 MBit-
Ethernet link. This Linux PC works as a Macintosh file server, which on the one
hand circumvents the problem of very limited disk space on the old Macintosh sys-
tem, on the other hand provides the possibility to write steering files to the shared
directories to control the data acquisition software running on the Macintosh from
the Linux machine (see section 6.1.3). An overview of the readout, including the
hodoscope, can be found in chapter 6.1.
All 512 samples per channel can be read out using the program rawread. This
method produces rather large data files and is very slow. As the system is not the
original ALEPH readout chain, but was used for debugging defective TPDs, it is
not optimised for speed. It needs 2.5 seconds to read out all seven TPDs. Therefore
rawread is only used for debugging and to record pedestal levels of the signal.
To reduce the data size and improve the readout speed, peak finding and zero
suppression can be performed on the TPD. To do so, a threshold is set for each
channel individually. All samples above this threshold are written to a “hit list”, so
only relevant information is saved to disk. The readout software fastDaq uses this
method and enhances the readout rate to 20 Hz, 50 times faster than without zero
suppression. This is enough to enable reasonable operation at a test beam facility.
4.4 Gas System
The TPC has a gas volume of approximately 16 l. This allows an open gas circuit
with a still moderate gas consumption. Figure 4.7 shows the scheme of the gas
system. First the high pressure from the gas bottle is reduced to approximately
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1000 hPa above atmospheric pressure. A manual valve limits the gas flow into the
TPC. To protect the chamber, it has been adjusted to allow a maximal overpressure
of 25 hPa.
The gas system’s main component is the Bronkhorst EL-PRESS/E-7000 con-
troller. It measures the pressure in the TPC and keeps its absolute value constant
within ±1 hPa by controlling the gas flow into the TPC. Obviously this only works
for pressures above environmental pressure.
If the atmospheric pressure changes too much, the absolute pressure in the cham-
ber cannot be maintained. The minimal overpressure in the TPC should be ap-
proximately 8 hPa to have enough flow to ensure good gas quality. The maximal
overpressure is adjusted to 25 hPa. This gives a variation range of 17 hPa for the
environmental pressure without having to adapt the pressure in the TPC. Taking
into account the trend of the atmospheric pressure, one can keep the same absolute
pressure from minimum several hours up to some days. So a complete series of
measurements can be performed under the same conditions.
To measure the oxygen content of the gas, an oxygen monitor model EC90M
produced by Systech Instruments was connected to the TPC’s gas outlet. The
system has been operated with a gas flow of about 10 l/h, which is sufficient to keep
the oxygen content in the exhaust gas below 100 ppm.
Finally another manual valve again limits the gas flow, so the dynamic pressure
creates the overpressure in the TPC.
4.5 High Voltage Supply
The high voltage (HV) for the GEM stack, the shield and the first strip of the
field cage is provided by a CAEN SY127 power supply (figure 4.8). It is a modular
high voltage crate which can house up to ten modules with four HV channels each.
Each channel monitors the current and switches off the voltage if a certain value
is exceeded. To protect the GEMs in case of a discharge, a threshold of 1 ţA
was used. A single channel, which has been switched off, introduces a grounded
electrode in the GEM stack. If all other electrodes are still on high voltage, this
would trigger additional discharges. To avoid this, all channels are switched off in
case one channel is tripped. This is implemented connecting the status ports of the
individual channels via a daisy chain. If one of the channels is tripped, it switches
the status port to ground, which switches off the other channels in turn.
The trigger system is made up of two scintillation counters (see section 6.1.1).
The photomultipliers of the scintillation counters are also powered by the SY127,
but they are not included in the trip chain.
The cathode plane is connected to a Wallis V.C.S 303/1 power supply, which
can deliver voltages up to -30 kV. Unfortunately this device cannot be controlled
remotely. The voltage is set using a multi-turn potentiometer with turn-counting
dial and monitored on an analogue voltmeter. Therefore, any changes in the drift
field or the total GEM stack voltage require manual adjustment of the cathode
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Figure 4.8: The high voltage connections of the TPC prototype. The gray shaded
area represents the gas volume of the chamber. To allow a precise ad-
justment of the first field strip’s potential, it is connected to a channel
of the SY127 unit (in addition to being part of the voltage divider).
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Figure 4.9: The user interface of the slow control software xtc. The left part of the
window shows the high voltage controls. On the right side, the currents
of each GEM electrode can be displayed.
potential.
The SY127 is controlled manually using a keypad on the front side of the hous-
ing. In addition, the crate can be remote-controlled via the proprietary CAENET
interface or using a serial RS232 connector for a VT52 compatible terminal. The
HV Channel class [56] provides a convenient C++ interface to the SY127 by emulat-
ing a VT52 terminal. It is used by the X Window System Test Chamber software
xtc to interface with the high voltage crate.
xtc was developed as slow control and data acquisition software for charge transfer
measurements in GEM structures. Figure 4.9 shows the graphical user interface of
the application. The section for the GEM stack settings is displayed on the left
side. The xtc allows to enter the voltages to be applied across the GEMs and the
value of the electric fields between them. The absolute voltage for each electrode
is calculated internally and transferred to the SY127 unit. The target voltage and
field as well as the monitored values read from the HV system are displayed next
to the input box. A simulated LED shows the status of each HV channel (green =
o.k., red = failure, yellow = ramping).
An Interval mode allows to read the status and the monitor values periodically.
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In case a trip occurred, the HV channels are reset and switched on again. This
allows automated long term measurements. Complete sets of selected voltages and
fields can be bookmarked as “working points”. Besides setting the values manually,
a script can be executed. In the Interval mode the working directory is scanned
for a default script. This script is executed once and then the file is deleted. This
enables programs like the main measuring software ligros to easily control the high
voltage settings (see section 6.1.3).
The right part of the xtc window can display the measured currents on each
electrode, the monitored temperatures and the magnetic field at the DESY 5 T
facility. The particle rate at the test beam does not suffice to produce measurable
currents and the temperature is recorded by an environment monitor system. So
this part of the software has been disabled during the measurements presented here.
Only the HV control section was used.
4.6 Environment Monitor System
The environmental temperature and pressure as well as the air humidity are moni-
tored throughout the measurements.
Air temperature and humidity are recorded with a Sensirion SHT71 sensor [57].
The precision of the temperature measurement is ±0.5 ◦C at 25 ◦C with a repro-
ducibility of 0.1 ◦C. The humidity is measured to ±3.5 % between 20 % and 80 %
relative humidity, the reproducibility is 0.1 %.
A XFAM-115KPASR sensor produced by Fujikura [58] determines the absolute
atmospheric pressure with a precision of ±2.5 % of the measured value. The ADC
limits the resolution to ±1.1 hPa, the reproducibility of the measurement is of the
same order. Both sensors are read out using the Cold Box Control Serial Interface
“Cooli” [59]. The Temperature Humidity Pressure Control Daemon thpcd reads all
values in intervals of 15 minutes and writes them to a data base.
Details on the environment monitor system can be found in [60].
4.7 Experimental Setup for Measurements in a
Magnetic Field
The TPC at the ILC detector will be operated in a 4 T magnetic field. A super-
conducting solenoid available for test measurements at DESY Hamburg provides a
magnetic field up to 5 T. The magnet has a total length of 187 cm. Its bore has a
diameter of 27.8 cm. The magnitude of the magnetic field along the solenoid’s axis
is depicted in figure 4.10. The active volume of the TPC has been centred in the
magnet; it reaches from −13 cm to +13 cm. The magnetic field is homogeneous
to a level of 5·10−3 within this region. This is less than the inhomogeneities in the
electrical field near the readout plane (see section 7.1.2) and will not be corrected
for in the analyses. Figure 4.11 shows the TPC in the bore of the magnet, before
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Figure 4.10: The magnetic field along the central axis of the superconducting magnet
at a current of 1000 A [61]. The drift volume of the TPC reaching from
−130 mm to +130 mm (shaded area) is in the homogeneous part of the
field.
connecting the high voltage and readout cables and placing the field cage at the
correct position.
Scintillator panels are mounted above and below the cryogenic vessel. They make
up a trigger system for muons produced by cosmic radiation (figure 4.12). A recorded
muon first passes the upper scintillator. Its trajectory is bent in the magnetic field
outside the coil. When it passes the coil, the curvature changes sign. The particle
track is recorded in the TPC and the particle leaves the magnet, its trajectory
again being bent in the other direction before it reaches the second scintillator. An
estimation shows that the minimal radius of a trajectory traversing both scintillators
and the active area of the TPC is 900 mm [62]. This corresponds to a muon energy
of approximately 1 GeV in a 4 T magnetic field. The sagitta of such a track within
the 100 mm large active area is 1.4 mm.
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Figure 4.11: The TPC in the bore of the 5 T superconducting magnet at DESY
Hamburg.
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Figure 4.12: Sketch of the TPC in the magnet (dimensions not to scale). A particle
recorded has to pass both scintillators and the active area.
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Software
To reconstruct the particle tracks, the modular software package acdaq has been
developed. It is based on the ROOT data analysis framework [63]. Starting from
the data provided by the TPDs, the particle track is reconstructed in three steps:
1. Reconstruct peaks in the signal of the individual channels.
2. Cluster the peaks to 3D points.
3. Find tracks and fit them.
Figure 5.1 gives an overview of the reconstruction workflow. The peak finding is
either done via software or directly in the TPD. If the complete raw data has been
recorded, software peak finding is executed and then the pedestal is subtracted. In
case peak finding is performed in the TPD, a so called “hit list“ is generated and
only the relevant samples are read out. Subsequently the pedestal subtraction is
run on the zero suppressed raw data (ZSR). The resulting peaks contain charge
and time information on a per-channel basis. At this stage, the time jitter between
trigger and readout clock can optionally be corrected (see section 5.2). This requires
an additional time marker pulse, which is generated at a fixed time after the trigger
and recorded together with the signal.
In the next step, the channel information is grouped to clusters of neighbour-
ing channels having a hit at the same time coordinate. From this information 3D
space points are calculated. The points are corrected for systematic distortions if a
distortion map is available.
In the last step the track finder assembles tracks from the points. For straight
tracks, the track parameters are calculated by linear regression. For a helix, the
parameters are fitted using a χ2 minimisation.
A list of the data classes and their properties is shown in table 5.1, a detailed
description can be found in appendix B.
5.1 Peak Finder
For every channel the pedestal pi and its variance σpi are determined. For this
purpose special pedestal raw data files are recorded. The voltage in the GEMs is
turned off and the trigger signal is generated by a pulse generator.
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Figure 5.1: Data flow of the reconstruction software.
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TPCPeak Pulse with charge and time information on one channel
TPCPoint 3D point with x, y, z coordinates and charge
TPCTrack Straight track with parameters a, b, c, d
(slope and axis intercept in xy and zy plane)
TPCHelixTrack Helix with reference point, curvature,
dip angle and angle in xy plane
Table 5.1: List of the data classes and their properties. A complete description can
be found in appendix B.
A peak is identified if the measured ADC value is above the threshold t, which is
the pedestal plus five times its variance, rounded up to the next integer:
ti = dpi + 5σpie
The peak ends when the signal falls back below the threshold.
5 σ is a rather high threshold. It has been chosen because the signals are short
and many pulses consist of only one time sample. This is due to the short shaping
time of the preamplifier in combination with the relatively slow ADC. Therefore all
signals with only one time sample above the threshold are counted as a valid hit.
A lower threshold of 4 σ for instance would produce around 14 noise hits per event
in the 448 · 512 time samples. This is too much compared to a maximum of 14
measured points on the track.
After the peak finding the pedestal is subtracted, the centre of gravity in time is
calculated and the charge (ADC counts) in the pulse is summed up. This information
is stored in the TPCPeak.
5.2 ADC Jitter Corrector
Clock and trigger are not synchronised in this setup. This causes a jitter of the
measured time. Figure 5.2 gives a schematic illustration of the origin of the jitter
and its correction. The clock runs continuously. At some point within a clock cycle
a trigger signal arrives. The measurement starts at the first clock tick following the
trigger. The jitter J is the time difference between the actual trigger and the start
of the measurement. The recorded time is the time t′ between the first clock tick
after the trigger and the arrival of the signal. By recording a time marker, which
is generated at an exactly known time M after the trigger, J can be determined.
The time M ′ at which the marker signal is recorded is short by J , too. So J can be
calculated as the difference between M and M ′, and the real time t between trigger
and signal can be determined.
Figure 5.2 is simplified for illustration. Of course the signal as well as the time
marker are several clock cycles long, so their time position has a resolution better
than one cycle. Otherwise these signals would also have a jitter. The time marker
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Figure 5.2: Illustration of the jitter between clock and trigger.
has been chosen to be about nine clock cycles long, so there is no bias from the phase
of the clock, even with the simple centre of gravity method used for reconstruction
(see appendix D for details). For the TPC signals there is some dependence on the
clock phase, as shown in section 8.2.2.
The ADC jitter corrector processes the reconstructed peaks. The time marker
signal is recorded in in the last 64 of the 512 time samples, so it does not interfere
with the actual TPC signal. The time marker position for each event is calculated
from all pulses in this time window. After the correction, the time marker informa-
tion is removed from the data. This module is optional. Having the same input and
output format makes its use transparent for the next reconstruction step.
5.3 Point Finder
The point finder is a row-based clustering algorithm. All peaks on neighbouring
pads are grouped together, if they are in a certain time window. The width of this
window is usually two times the mean length of a pulse, which means the pulses
have to overlap. One empty pad within a cluster is allowed if there is a signal on
the pad above or below the empty one. This might be the case if there are dead
channels, for instance. Again, from the charge of all peaks in the cluster the centre
of gravity in x and z direction is calculated. In the y direction, the point is placed
in the middle of the pad row.
At this point the pad geometry is used to calculate the x and y coordinates
in units of mm. The time coordinate z is calculated in ţs, using the sampling
frequency of the ADC. The z coordinate is intentionally left in time units and
not converted to mm, because the drift velocity is not known at this stage. For
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Figure 5.3: Single point resolution determined with and without pad response func-
tion. A Gaussian distribution does not describe the pad response prop-
erly. Correcting with this function even degrades the resolution. The
width of the Gaussian has been calculated from the drift distance and
the transverse diffusion coefficients simulated by Magboltz [44].
the measurements performed with the hodoscope described in chapter 6, the drift
velocity is determined together with the exact position of the TPC in the hodoscope.
But this requires completely reconstructed TPC tracks. For measurements without
hodoscope a theoretical value has to be taken. The calculated information is saved
as TPCPoints.
Each point has a quality word which allows to flag the point as “bad point”. This
is important for those points where the charge information might be incomplete.
This is the case when the cluster either contains a dead channel, is next to one, or
is at the edge of the readout, where only part of the signal is collected. For the
calculation of the track parameters only the valid points are used, as well as for the
calibration and the resolution studies.
The centre of gravity method is known to bias the position of the point towards
the centre of the pad with the maximal charge deposition, especially for clusters
with only two or three pads. A better estimate should be possible using a pad
response function. However, a simple approach assuming a Gaussian distribution
was not able to improve the results (figure 5.3). There are two factors making the
charge deposition on the pads not follow a Gaussian distribution. The first is the
statistical fluctuation in the GEMs’ gas amplification process, which causes a non-
uniform mapping of the charge distribution. The second is the threshold of the
electronics, which cuts away the smaller parts of the signal. Correcting with the
wrong pad response function appears to give a larger displacement than caused by
the bias from the centre of gravity method.
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5.4 Distortion Corrector
With the help of the hodoscope (see chapter 6) a 3D map of the systematic dis-
tortions can be generated (see section 7.2.1). For every 3D point a correction is
calculated and applied. If there are too many gaps in the distortion map, this cor-
rection cannot be computed. In this case the uncorrected point is flagged as invalid.
The details of the correction algorithm are described in section 7.2.2. As this is an
optional module, the output format is identical to the input.
5.5 Track Finder
The track finder is a modified version of the track following algorithm.1 It starts
with the first and the last point of the sample and extrapolates a point in the next
row, counting from the first one. If a point matching the extrapolated point is
found (within a search window), it is added to the track and the track parameters
are recalculated.
The track is determined by the slope and the axis intercept in two projections:
x = a · y + b
z = c · y + d
The track parameters are calculated by linear regression [64], for instance in the xy
plane:
a =
∑
yi
∑
xi − n
∑
yixi
(
∑
yi)
2 − n∑ yi2
b =
∑
yi
∑
yixi −
∑
yi
2xi
(
∑
yi)
2 − n∑ yi2
The same calculation is done for c and d in the zy projection.
If no point is found in the next row, the algorithm tries to find a point in the next
to next row. This allows single points missing within a track. If there is more than
one point missing, the track is rejected. A track is valid if there are at least five
points on it.
All points found to be on a valid track are flagged and the algorithm is repeated
for the remaining points. This allows multiple tracks in one event.
The helixes in the measurements have a small curvature and can be approximated
by a straight line. To find the points belonging to a helix, the linear track finder
with wider acceptance cuts is used. Track parameters taken from the straight track
are used as starting values for the helix fit.
1Usually the track following method starts with two points at the beginning of the track, and then
extrapolates the next one. This version uses the first and the last point of the track as seed.
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5.6 Helix Fitter
The helix fitter minimises the mean distance of the measured TPC points to the
helix by minimising the function
F =
∑
i
(xi − x(s′i))2 + (yi − y(s′i))2 + (zi − z(s′i))2
xi, yi and zi are the coordinates of the point measured in the TPC. The helix is
parameterised along the track length s (see description of helix in appendix B.6).
s′i is the track length of that point on the helix which has smallest distance to the
TPC point pi.
The point of closest approach on the helix cannot be calculated analytically. The
point with the closest distance in the xy projection is used as approximation in this
algorithm. No points are expected to fit well in the xy plane while being far off in
z, as they were selected by the track finder.
5.7 Event Display
To visualise the results, an OpenGL based event display has been developed. It
provides a freely rotatable 3D view and the three projections into the xy, the zy
and the xz plane (figure 5.4). In all views the reconstructed points and the fitted
tracks are shown. Those points belonging to a track are highlighted by using a
different colour and larger point size. In the 3D view the active area of the chamber
is indicated by a three-coloured box. The readout plane corresponds to the blue face
in the front. The projection into the xy plane, which corresponds to the readout
plane, shows the pads in addition. The maximum charge on the specific channel is
shown as colour code (from blue to yellow, cyan marks “out of range”). In the top
view (xz projection) and the side view (zy projection) the readout plane is located
on the left side. The drift direction is along the horizontal axis, from right to left.
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Figure 5.4: The OpenGL based event display showing the track of a positron from
the test beam measurements. It provides four different views: A 3D
view (top left) and the projections into the xy plane (bottom left), the
zy plane (top right) and the xz plane (bottom right). The xy projection
additionally shows the charge deposition on the pads.
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To determine the real, unbiased spatial resolution of the TPC, a second, independent
measurement of the particle track is needed. This also allows studying systematic
deviations in the TPC and thus a check of the drift field’s homogeneity. A ho-
doscope measuring the particle position before entering and after leaving the field
cage provides this independent track measurement. This chapter will introduce the
test stand and describe the alignment of the TPC in the hodoscope.
6.1 The Hodoscope
The hodoscope is made up of silicon strip sensors with 768 parallel strips at a pitch
of 122 ţm. These sensors are mounted onto an aluminium precision plate (fig-
ure 6.1). As a single strip sensor is only able to do a one-dimensional measurement
in one plane, two sensors are mounted on top of each other with the strips along
perpendicular directions. This provides an active area of 80× 93 mm2. The mea-
sured coordinate is always perpendicular to the strips of the module. One of the
sensors has the strips oriented along the drift direction of the TPC. It measures the
x coordinate and is referred to as “x module” below. The other module with the
strips along the x axis measures the z coordinate and thus is called “z module” (see
section 6.1.2 for the orientation of the coordinate axes).
The hodoscope consists of two precision plates which are mounted at a distance
of ∆y = 379.0 mm onto two round steel bars. The TPC is placed between these
plates (figure 6.2). The field cage is in a mounting frame with position pins. The
active area of the hodoscope is only 93 mm in the z direction while the drift distance
of the TPC is 26 cm. There are position holes at a distance of 60 mm in the steel
rail which holds the mounting frame, so the field cage can be inserted at different z
positions and the whole drift space can be examined.
The silicon modules are read out using the ARC system (APV Readout Controller),
which was developed at the III. Physics Institute of RWTH Aachen [65]. The ARC
board is the main component of the system, containing the FADCs, a 40 MHz clock
generator and an input port for the trigger signal. The silicon modules are connected
to the ARC board using a front end adapter board. The depletion voltage for the
silicon sensor is provided by the Depletion Power high voltage board DEPP [66].
The ARC board as well as the DEPP can be controlled and read out via SRD1 bus.
The readout scheme of the TPC and the hodoscope is sketched in figure 6.3.
1
Synchroton Ratiation Detector bus, a bus system developed for the SRD component of the
AMS experiment
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Figure 6.1: Precision plate of the hodoscope with two silicon strip modules mounted
at an angle of 90 degrees with respect to each other.
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Figure 6.2: Schematics of the hodoscope test stand: The TPC is mounted between
the two plates of the silicon hodoscope. Scintillation counters are used
to trigger for the positrons.
52
6.1 The Hodoscope
DAQ
TPC
Main
VIC−Bus
F
A
D
C M
as
te
r
B
us
Fastbus−Crate
Supply
High Voltage
Electronics
Trigger
NIM Crate
Cathode
Sc
in
til
la
to
rs
RS232
Sensors
Silicon
  
 
 
Mac

 
 
Linux
DAQ
PreAmps
Et
he
rn
et
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	












































































































GEMs
SRD−Bus
ARC Crate
ARC Boards
DEPP Boards
Figure 6.3: Readout scheme of the TPC and the hodoscope: The TPC is located
between the silicon sensors of the hodoscope, which are surrounded by
scintillation counters for triggering. The trigger signal is distributed
to the FASTBUS crate, which reads out the TPC, and to the ARC
crate, which takes the data from the silicon sensors. The Macintosh PC,
reading the data from the FASTBUS crate, writes to the main Linux
DAQ PC via Ethernet. The main DAQ PC does not only record the
data of the TPC and the hodoscope, but also controls the high voltage.
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Figure 6.4: Schematic layout of the test beam generation at DESY [68].
The spatial resolution of the hodoscope was measured to be 44 ţm, as described
in reference [67], where a detailed description can be found.
6.1.1 Experimental Setup at the DESY Test Beam
The data presented in this thesis has been recorded at DESY Hamburg. DESY
provides a test beam facility with a positron beam, which is tunable in an energy
range of 1 to 6 GeV. The generation of the test beam is sketched in figure 6.4. A
carbon fibre is placed in the electron/positron synchrotron DESY II. This gener-
ates bremsstrahlung, which hits an aluminium target. The electron-positron-pairs
generated here are passing a spectrometer consisting of a magnet and a collimator.
This allows to select one specific energy. The beam profile as measured with the
hodoscope is shown figure 6.5. It has a square cross section due to the collimator
shape.
The hodoscope system, including the TPC, is mounted onto translation stages,
which allow to move the complete setup horizontally and vertically (figure 6.6). This
corresponds to the x and the z direction of the hodoscope’s coordinate system. The
translation stages can be remote-controlled from the control booth, either manually
or using the daemon program testbeam table d. This daemon receives commands
via a TPC/IP connection, which allows the main DAQ application ligros to connect
to the translation stage control and move the hodoscope automatically.
A bolt fixing the hodoscope on the ground plate enables the complete setup to be
rotated around the centre of the TPC cylinder. This allows to vary the angle always
hitting the centre of the active area in the TPC. The hodoscope has an active area
of 80 mm in the x direction. Due to the lever arm of approximately 170 mm to the
pivot axis this limits the rotation to small angles. In the presented measurements
the angle has been varied in a range from -4◦ to +4◦.
The trigger system is made up of two scintillation counters, one in front of and
one behind the hodoscope, looking in beam direction. A simultaneous signal in both
counters starts the data acquisition of both hodoscope and TPC. A mutual trigger
inhibit circuit keeps both systems in sync (see section 6.2).
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Figure 6.5: The profile of the DESY test beam measured with the hodoscope.
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Pressure Control
Hodoscope Plates
Translation Stage
Figure 6.6: The TPC and the hodoscope mounted on a translation stage at the
DESY test beam facility.
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Figure 6.7: Schematic view of the four silicon strip modules. The origin is located
in the upper x module.
6.1.2 Coordinate System and Track Parameters
In the y direction, the origin is placed at the position of the upper x module. The
x origin is in the middle of the active x range of this module. z = 0 is at the back
edge of the upper z module (in the perspective of figure 6.7). The orientations of
the axes (x to the left, y downwards and z backwards in the figure) were chosen
identical to the TPC coordinate system. Note that this is a left handed coordinate
system.
As the x and the z modules are perpendicular to each other, these two coordinates
are measured independently. Like in the TPC, the track is described by the two
projections in the xy and in the zy plane:
xhod = ahod · yhod + bhod
zhod = chod · yhod + dhod
The two measured x coordinates are just sufficient to calculate the two track pa-
rameters a and b:
ahod =
x2 − x1
∆y
bhod = x1
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Accordingly for the z direction:
chod =
z2 − z1
∆y
dhod = z1 − chod · yz1
yz1 is the y coordinate of the upper z module.
2
As there is no redundancy in the measurement, all four modules have to be hit.
Having additional signals like noise hits causes ambiguities which cannot be resolved.
Hence a valid hodoscope track can only be reconstructed if there is exactly one hit
in each of the modules.
6.1.3 The Linux Graphical Readout Software ligros
The program ligros was originally developed only as slow control and DAQ software
for the silicon modules [60]. For this purpose a daemon called arcd running on the
DAQ computer controls the ARC crate. It receives commands from the ligros
graphical user interface via TPC/IP.
To enable an extensively automated operation at the test beam, ligros has been
expanded to be the main measuring application. It now allows to
Ĺ start and stop the fastdaq software of the TPC.
Ĺ transmit new voltages to the TPC’s slow control software xtc.
Ĺ move the translation stages in the test beam area.
Ĺ read out the hodoscope.
Ĺ set the depletion voltages for the silicon modules.
The TPC programs fastdaq (see section 4.3) and xtc (see section 4.5) are stand-
alone applications with their own user interface. They both can be operated in a
special mode, which continuously scans for steering files containing new commands
to be executed. ligros controls the TPC software via these files.
arcd can handle a script which controls all actions needed during a data run:
Ĺ Recording a given number of events
Ĺ Moving the translation stage
Ĺ Pausing, in case manual user interaction on the experiment is needed
ligros itself can run a master script which allows to transmit new voltages to xtc
and start a new data run. Figure 6.8 gives an overview of the data acquisition and
slow control software.
2There is no yx1 in the formula for the x direction as the upper x module was defined as y = 0.
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Figure 6.8: Visualisation of the communication between the data acquisition and
slow control software modules.
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Figure 6.9: Scheme of the mutual trigger inhibit circuit.
6.2 Trigger Synchronisation
The TPC and the hodoscope are read out by two autonomous DAQ programs,
fastdaq and ligros. To compare these two measurements, it has to be assured
that the recorded trigger numbers are identical. This means that both systems have
to be able to inhibit the trigger while an event is read out. The next trigger is only
accepted if both systems are ready to record a new event. This is realised by two
bistable multivibrators3 (flip-flops) R
S . The scheme of the trigger inhibit circuit
is shown in figure 6.9.
The system is ready to accept a trigger if both flip-flops have been reset. This
means the negated outputs (marked with ◦) are active (logic level 1). They are
connected to the inputs A and D of a four-fold coincidence4
A
B
D
C & . If there is a
simultaneous signal on both scintillators, all inputs of the coincidence are active and
the output goes to 1. This sets both flip-flops, which has two effects:
3A bistable multivibrator or flip-flop is a module with two inputs, Set and Reset. If Set is 1, the
output is 1. This state is preserved until Reset becomes active and the output goes to 0. This
state is also preserved until the flip-flop is set again (bistable).
4A coincidence is a logical AND gate. The output is 1 only if all the inputs are active.
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1. The outputs of the flip-flops go to 1 as well as the output of the OR gate >1 .
This is the trigger signal which starts both DAQ systems.
2. The negated flip-flop outputs go to 0 and the coincidence will give no more
signals.
After the TPC DAQ is finished, it resets the corresponding flip-flop and input A of
the coincidence goes back to 1. The same happens accordingly for the hodoscope
DAQ. After both flip-flops have been reset, the system is ready to accept the next
trigger.
6.3 Calibration of the TPC in the Hodoscope
Both the TPC and the hodoscope provide independent measurements in their own
coordinate system. As the hodoscope has the better spacial resolution, it is taken
as the reference system and the TPC data is transformed into the hodoscope’s
coordinate system to compare results.
The TPC is treated as a rigid body, deformations and torsions are not considered.
Therefore the calibration is a transformation from one Cartesian coordinate system
into another. The TPC coordinate system has an offset in all three spatial directions
and can be rotated around three axes with respect to the hodoscope. As the TPC
measures the z coordinate as time, the drift velocity has to be known to calculate
the actual drift distance. This results in seven parameters describing the calibration
of the TPC in the hodoscope:
Ĺ Offset in the x direction (xoff)
Ĺ Offset in the y direction (yoff)
Ĺ Offset in the z direction (zoff)
Ĺ Angle in the xy plane (∆φxy)
Ĺ Angle in the zy plane (∆φzy)
Ĺ Angle in the xz plane (∆φxz)
Ĺ Drift velocity (vd)
In terms of these parameters, the transformation of the TPC data into the ho-
doscope’s coordinate system can be written as
 x′y′
z′

 =

 xoffyoff
zoff

 (6.1)
+

 cxz 0 sxz0 1 0
−sxz 0 cxz



 1 0 00 czy szy
0 −szy czy



 cxy sxy 0−sxy cxy 0
0 0 1



 xTPCyTPC
vd tTPC


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cxy is short for cos φxy, sxy for sin φxy. The same convention is used for φzy and φxz,
respectively. This transformation defines the order of the rotations.5 Note the sign
of the sine which was chosen this way because of the left handed coordinate systems.
To determine the parameters, a χ2 minimisation is performed which minimises
the mean distance of the measured TPC points to the respective hodoscope track.
For this purpose, special calibration runs are recorded, where the beam angle in the
xy plane and the z coordinate are varied. This is necessary to guarantee sensitivity
to all seven parameters. Each time the TPC position in the hodoscope is changed,
a new calibration run has to be performed. The data presented in the following
sections is an example for one of these calibration runs.
6.3.1 Pre-Calibration
To get a starting point for the minimisation, a pre-calibration is performed. This
method only works for small angles between the TPC and the hodoscope coordinate
system. The reason for this is the following: The first parameter to be applied in
formula 6.1 is the drift velocity vd, otherwise the rotations in the zy and xz plane
cannot be calculated. However, in the pre-calibration, the drift velocity can only
be determined after calculating yoff : vd is calculated from the z coordinates of the
TPC and the hodoscope, and since these are parameterised as a function of y, yoff
has to be known to compare them. This problem can be solved by utilising the fact
that the angles between the coordinate systems are small and so the rotations can
be neglected in first approximation.
The pre-calibration only uses the four track parameters a, b, c and d from the
TPC and the hodoscope, but does not use the information of the individual points
measured by the TPC. There are four steps in the pre-calibration:
1. Determine ∆φxy
2. Determine xoff and yoff
3. Determine vd and zoff
4. Determine ∆φzy
The third angle ∆φxz cannot be calculated using only the track parameters, as the
parametrisation only provides one angle in the xy and one in the zy plane.
Calculation of ∆φxy
The angle of a measured track in the xy plane is φxy = arctan a. The angle between
the TPC and the hodoscope track is ∆φxy = (φxy)hod − (φxy)TPC. The mean ∆φxy
and its error as well as the width of the distribution are determined from a fit to the
histogrammed data (figure 6.10). The Gaussian fit is applied in a range of±1.3 RMS
5The rotation matrices only commute in the small angle approximation. If the order of the
matrices is fixed, the transformation is valid for all angles.
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Figure 6.10: Distribution of the difference of the angles φxy measured with the ho-
doscope and the TPC.
around the arithmetic mean of the distribution.
In some cases the tracks in the TPC and the hodoscope do not match, for example
if the particle hits a bad strip in the hodoscope, but there is noise in another channel
of the same module. The matching is also wrong if the real track in the TPC can
not be reconstructed, but there is an off-trigger track. To cut away these outliers,
only the tracks within a 3 σ range around the mean value of the fit are flagged as
valid and used in the next steps.
Calculation of the offsets xoff and yoff
After correcting the rotation ∆φxy, the slope a should be identical for the hodoscope
and the TPC. The axis intercept b transforms as follows (see figure 6.11):
bTPC = bhod + a · yoff + xoff
From this equation one can see that plotting the difference of bTPC and bhod against
a is expected to give a straight line with a slope of yoff and an ordinate intercept
xoff :
bTPC − bhod = ahod · yoff + xoff
In this case the value a is taken from the hodoscope, because it has a smaller angular
spread than the TPC measurement. Figure 6.12 shows the distribution bTPC − bhod
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Figure 6.11: Illustration of the offsets between the TPC and the hodoscope coordi-
nate system and the transformation of the track parameter b.
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Figure 6.12: bTPC−bhod versus a. Mismatching of tracks between the hodoscope and
the TPC causes tree outliers.
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Figure 6.13: The distance of bTPC − bhod to the fitted straight line.
versus a. To cover a sufficiently large range in a, special calibration measurements
with five different angles have been run in the test beam. One can clearly see the
five different values of a in the plot. Again, there are some outliers which are caused
by non-matching tracks. To cut them away, the vertical distance of each point to the
straight line, bTPC − bhod − (ahod · yoff + xoff), is histogrammed (figure 6.13). Again
a Gaussian is fitted to the ±1.3 RMS range and all tracks outside the 3 σ range
around the Gaussian’s mean value are cut away. After applying this cut, the straight
line is refitted (figure 6.14).
Calculation of the drift velocity and zoff
Now that yoff is known, one can calculate the z position of the TPC track at yhod = 0:
d˜TPC = cTPC · yoff + dTPC
Note that d˜TPC is in units of time. Plotting dhod, which is the z position of the
hodoscope at y = 0, against d˜TPC is expected to yield a straight line with the drift
velocity as slope and an ordinate intercept of zoff (figure 6.15). After a first fit, the
tracks outside the 3 σ range around the straight line are cut away again and vdrift
and zoff are refitted.
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Figure 6.14: After cutting away the outliers, xoff and yoff are refitted.
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Figure 6.15: The z position at y = 0 in the hodoscope against the z coordinate from
the TPC gives a straight line with the drift velocity as slope.
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Figure 6.16: Distribution of the difference of the angles φzy measured with the ho-
doscope and the TPC.
Calculation of ∆φzy
After applying the drift velocity, the last parameter of the pre-calibration, the angle
∆φzy, can be calculated. Like the angle in the xy plane, it is determined by fitting
a Gaussian to the range of ±1.3 RMS of the arctan (φzy)hod − arctan (φzy)TPC dis-
tribution (figure 6.16). Again, only the tracks within the 3 σ interval around the
mean value are flagged as valid.
6.3.2 Final Calibration
In a last step xoff , yoff , zoff , vdrift and ∆φxz are optimised simultaneously, using a
χ2 minimisation. A check of the track parameters after the calibration (see next
section) has shown that the two remaining angles φxy and φzy are not determined
well if included in the fit. The reason for this is the small dependence of the χ2
function on these angles. The pre-calibration can measure angles more accurately
because the rotation is done in the centre of the TPC, while the intercept parameter
is determined in the upper layer of the hodoscope. This introduces a lever arm of
approximately 170 mm, resulting in a good sensitivity to the angles. Thus, ∆φxy
and ∆φzy are fixed to the values obtained from the pre-calibration.
The fit minimises the squared distance in the xz plane of each individual point
measured in the TPC to the hodoscope track. As x and z are measured inde-
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pendently, the variables are weighted separately with their respective errors. The
function to be minimised is
χ2 =
∑
i
[(
x′i − ahod y′i − bhod
(σx)i
)2
+
(
z′i − chod y′i − dhod
(σz)i
)2]
where x′i, y
′
i and z
′
i are the coordinates of the TPC point in the hodoscope coor-
dinate system and ahod, bhod, chod, dhod are the track parameters measured by the
hodoscope. (σx)i is the σx of the ith point. It consists of the errors in the TPC and
the hodoscope: σx =
√
(σx)
2
TPC + (σx)
2
hod. The error of the individual points cannot
be determined well enough with this reconstruction method. Therefore the (σx)TPC
is taken from the reconstructed TPC track, which means it is the mean error of all
the points on the specific track. This should be a good estimate for the individual
(σx)TPC. The same holds for (σz)TPC, respectively.
For those measurements performed without ADC jitter correction, the error in
the z direction is mainly determined by this jitter (see section 6.5). In this case
the error of the hodoscope can be neglected and instead the statistical error of the
jitter is taken, which is ts√
12
vdrift. ts is the length of one time sample, 80 ns in our
case. For the Ar/CO2/CH4 93/2/5 gas mixture with vdrift = 45
mm
ţs the error is
(σz)ADC ≈ 1 mm.
6.3.3 Accuracy of the Calibration
To verify the calibration and determine its precision two things can be checked:
1. The track parameters a, b, c and d have to be the same for the TPC and the
hodoscope.
2. The residuals ∆x = x′TPC−ahod ·y′TPC−bhod and ∆z = z′TPC−chod ·y′TPC−dhod
must be distributed around zero.
This also has to hold for the measurements which are not used to generate the
calibration, but a calibration from another measurement is applied. The following
data is taken from such a measurement.
Test of the track parameters
Figures 6.17 and 6.18 show the difference between the track parameters of the TPC
and the hodoscope in the xy and the zy plane, respectively. If the calibration is
correct, they all should be distributed around zero. Instead of the difference of
the slopes ∆a the difference of the angles ∆φxy = arctan (ahod) − arctan (aTPC) is
shown, because it is more intuitive.
The mean of the ∆φxy distribution is off by −115 ± 91 ţrad. Within the 10 cm
large active area of the TPC, this causes a systematic shift of 12 ţm between the
first and the last measured point.
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Figure 6.17: Difference of the angle in the xy plane φxy and the x axis intercept b
between the hodoscope and the TPC after the calibration.
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Figure 6.18: Difference of the angle in the zy plane φzy and the z axis intercept d
between the hodoscope and the TPC after the calibration.
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The mean ∆b is −16± 15 ţm, which is compatible with zero. For yoff = 174 mm
and an angle ∆φxy = −115 ţrad one expects an offset of 20 ţm. This is because
the rotation in the xy plane is performed around the TPC axis, and then b′TPC is
determined in the upper hodoscope module. So ∆b systematically depends on ∆φxy.
The same applies to ∆d and ∆φzy.
∆φzy is off by −175 ± 79 ţrad. This corresponds to a shift of 18 ţm within the
readout area of the TPC. Again, the difference in the axis intercepts is compatible
with zero (∆d = 16± 16 ţm).
Test of the Residual Distributions
After applying the calibration, both the TPC and the hodoscope data are in the same
coordinate system and can be compared directly. The distances of the measured x
and z coordinates in the TPC to the corresponding point on the hodoscope track,
i. e. the point with the same y coordinate, are depicted in figure 6.19. One can see
that the residuals are nicely distributed around zero. The mean value in x is off
by 3 ţm, in z by 4 ţm only. This shows that the calibration is working very well.
The systematic deviations are much smaller than the resolution of the hodoscope
(44 ţm) and particularly than the resolution of the TPC.
6.4 Measurement of the Absolute TPC Position
∆z is not the absolute mechanical offset between the TPC and the hodoscope.
The TPC measures the z coordinate in time. Only in the drift volume with its
homogeneous electric field the relation z = t · vdrift holds. But the time measured
also contains the time the electrons need to pass the GEM structure, which even
varies with the GEM settings, and a constant offset caused by the electronics.
One way to determine the real drift distance is measuring the position of the first
GEM with the hodoscope. This can be done by looking at the “shadow” of the
electrical shield on the hodoscope module behind the TPC if the readout structure
is placed in the beam (see figure 6.20). The positron beam cannot penetrate the
brass plate, so in the 3 mm wide area behind the shield there should be no signal
in the hodoscope. Figure 6.21 shows the number of hits in the hodoscope for such a
measurement. One can clearly see two gaps in the distribution. The dip from −60
to −57 mm is caused by the pickup board, the one from −54 to −49 mm by the
brass shield.
To determine the centre of the shadow, the distribution is “inverted”. To do so,
all histogram values are subtracted from 50. The positive values are written to a
new histogram, the negative ones are neglected. The mean value of the resulting
distribution (figure 6.22) is −51.52 ± 0.036 mm. The width of the distribution is
6The given error is only the statistical error of the histogram. The accuracy of the z positions
calculated later are limited by the repositioning precision of the TPC inside the hodoscope,
which is about ±1 mm.
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Figure 6.19: Distributions of the residuals ∆x and ∆z (histograms normalised to
one).
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Figure 6.20: The readout structure in the positron beam. The positrons cannot
penetrate the shield and the readout board, which causes “shadows”
on the hodoscope module. As the readout structure is tilted by a small
angle, the shadows are broadened a little bit.
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Figure 6.21: The number of hits in the hodoscope module behind the TPC with the
readout structure placed in the beam. There are gaps in the distribution
at the position of the readout board and of the brass shield.
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Figure 6.22: The “inverted shadow” of the shield allows to determine the centre of
the shield in the hodoscope.
greater than the 3 mm thickness of the shield. This can be understood because the
chamber is tilted by 10 mrad against the hodoscope. On the 227 mm diameter this
broadens the shadow by 2 mm. However, it has no influence on its mean value. The
first GEM has a mechanical offset of 1 mm with respect to the shield’s centre. This
means the position of the first GEM is −50.52 mm in hodoscope coordinates.
This method can only be used in the one special chamber positions where the
shield is within the active area of the hodoscope. For the other chamber position
the nominal mechanical offset in multiples of 60 mm is added. This is only accurate
to a precision of about 1 mm. The time offset may vary from measurement to
measurement due to the different amounts of time the electrons need to pass the
GEM structure. It depends on the GEM setting and especially on the gas mixture.
For the comparison of the TPC data with the hodoscope data this does not matter,
it is calibrated away. But most plots in the following chapters show absolute drift
distances. These values depend on this measurement and thus are only precise to
±1 mm.
6.5 Test of the ADC Jitter Correction
The jitter between the trigger and the TPC clock as described in section 5.2 cannot
be observed looking only at the TPC data. However, comparing with the hodoscope
tracks, the offset of the TPC data becomes visible. The jitter shifts the measured
TPC points uniformly within a range of one time sample, which should result in
a rectangular shape. For the gas mixture used (Ar/CO2 98/2), which has a drift
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Figure 6.23: The measured residuals in z with and without jitter correction (distri-
butions normalised to one).
velocity of 36 mm/ţs, the width of one time bin is 2.9 mm. The rectangular function
is smeared with the resolution, which leads to a distribution reaching from −1.7 mm
to +1.7 mm with a flat part from −0.9 mm to +0.9 mm in figure 6.23.
The distribution with jitter correction fits a Gaussian very well. This shows
that the jitter correction is working and the spatial resolution of the TPC in the z
direction can be measured using the hodoscope.
74
7 Field Homogeneity of the Field
Cage
The field cage was designed to have an electric field homogeneity of better than
10−4. The hodoscope provides the possibility to measure the field homogeneity by
comparing the TPC tracks with an independent measurement.
7.1 Measurements of the Field Homogeneity
The field homogeneity in the z direction can be determined calculating the difference
between the z coordinates measured by the TPC (affected by inhomogeneities) and
the hodoscope (the coordinate assumed as correct):
∆z = zTPC − zhodoscope
The drift velocity depends on the electric field and thus on the z coordinate, if E
changes with z. The drift time is
∫ z
0
vdrift(z
′) dz′. Knowing the dependence of the
drift velocity on the electric field vdrift(E), one can calculate the field.
Figure 7.1 shows vdrift(E) as calculated by Magboltz [44]. To achieve maximum
sensitivity for variations of the electric field, the measurements in this section have
been performed at the steepest slope, which is at 80 V/cm for Ar/CO2/CH4 93/2/5.
The gradient is dvdrift
dE
= 0.32 ± 0.01 mm/ţs
V/cm
at this point, the drift velocity is
23.45 mm/ţs. As the variations of the field are small, the dependence is assumed
to be linear.
7.1.1 Variation of the Shield Voltage
The position of the first GEM and the electrical shield are only known to ±1 mm due
to mechanical inaccuracies in the GEM stack. They are mainly caused by the manual
glueing of the GEMs and the flection of the GEM frames. This mispositioning
against the field cage causes distortions of the electric field near the readout plane.
This can be adjusted by applying a voltage between the shield and the first strip of
the field cage.
In the ideal case the upper side of the shield should be aligned to the middle of
the first field strip (see figure 4.6). Due to some changes in the design, an offset of
1.5 mm was introduced between the shield and the first field strip. This results in a
voltage difference of 12 V for a drift field of 80 V/cm. The voltage has been varied
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Figure 7.1: The drift velocity in dependence on the electric field for
Ar/CO2/CH4 93/2/5. The steepest slope is at 80 V/cm. (Magboltz [44]
simulation).
in a range from 0 V to 24 V. Figure 7.2 shows the measured difference between the
TPC and the hodoscope in z. The TPC position for all measurements is calibrated
to the curve at 12 V, which is the nominal value, in the z range from 70 mm to
170 mm. This is why the respective curve is at ∆z = 0.
One can see that all curves intersect at one point for zero drift distance. This is
expected, as at z = 0 there is no difference between tdrift = 0 and
z
vdrift
, independently
of the drift velocity. Hence the relative z position of the different curves is correct.
However, the absolute is not, because the intercept point is at ∆z = 1 mm and not
at ∆z = 0.
Without field distortions the distribution would be flat. All curves in figure 7.2
have a flat part in the central region of the TPC (z = 70–170 mm) and a slope near
the readout. The one with 24 V offset has the lowest slope. Extrapolating the data,
the curve should be flat for an offset of approximately 40 V, which corresponds to
a mechanical offset of 3.5 mm. This is far beyond the mechanical displacement. As
this effect is not understood, all following measurements have been performed with
the nominal voltage of 12 V. An estimate of the resulting error is given in the next
section.
7.1.2 Electrical Field Near the Readout Plane
Taking a closer look at ∆z for a bias voltage of 12 V between the shield and the first
field strip, one finds that the range up to 35 mm drift distance can be approximated
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Figure 7.2: Offset between the measured z coordinates in the TPC and the ho-
doscope in dependence on the voltage difference between the shield and
the first field strip. All curves have a flat part between 70 mm and
170 mm drift distance. This shows that the field in the middle of the
chamber is homogeneous. The inhomogeneity near the readout structure
depends on the voltage difference applied.
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Figure 7.3: ∆z for a voltage offset of 12 V between the shield and the first field strip.
by a straight line (figure 7.3). The slope of this straight line is a = −0.0236±0.0019.
The change of the drift velocity is1 ∆vdrift = a · vdrift = 553 ± 45 ţmţs , which results
in a field distortion of
∆E =
∆vdrift
dvdrift
dE
= 1.73± 0.15 V
cm
This is 2.2 % of the 80 V/cm nominal field.
For drift distances larger than 70 mm, the field seems to be homogeneous. To
get an estimate of the influence of 70 mm of inhomogeneous field which is off by
2.2 %, the simulated drift velocity has been approximated by a parabola near the
maximum at 240 V/cm (see appendix C). From this parameterisation on finds
vdrift(240
V
cm
) = 45.746 mmţs and vdrift(234
V
cm
) = 45.716 mmţs . The difference of 0.03
mm
ţs
assumed for a drift distance of 70 mm gives an offset of ∆z = ∆vdrift
z
vdrift
= 46 ţm.
7.1.3 Field Homogeneity in the Central Region of the TPC
To determine the homogeneity in the central region of the TPC, the measurements
with −12 V, −18 V and −24 V offset between the shield and the first field strip
have been combined to improve the statistics. Only the data for z = 70–170 mm
is used and has been recalibrated. The data for a bias of 0 V and 12 V has been
omitted, because there is some influence of the inhomogeneity near the readout. ∆z
versus z is not completely flat for these measurements.
1 a =
d∆z
dz
=
d∆z
dt
dz
dt
=
∆vdrift
vdrift
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Figure 7.4: Distance in the z direction between the TPC and the hodoscope mea-
surement in the middle of the TPC.
Figure 7.4 shows the ∆z distribution of the combined data. Fitting a straight line
gives a slope of (−3.8 ± 2.8) · 10−4. This is compatible with zero and shows that
the calibration of the drift velocity is correct. But one can see that the straight line
does not describe the data very well. The fluctuations are much larger than they
should be according to the statistical errors. This can also be seen looking at the
fit parameters. The reduced χ2 is 10.0. The fluctuations can be interpreted as local
field distortions.
As described in the previous section, the gradient of the ∆z distribution is a
measure for the field homogeneity. In this case the curve has been differentiated
numerically, taking the gradient between two measured points. From this the field
homogeneity has been calculated. It is shown in figure 7.5. Again, the fluctuations
are larger than the statistical errors, but no systematic dependency on the drift
distance is visible. The variance of the distribution is 8 · 10−3. The resolution of
this measurement does not suffice to determine the local field inhomogeneities, but
one can give an upper limit of 8 · 10−3. To verify the design goal of 10−4, the
measurement has to be improved. The correction of the jitter between the trigger
and the TPC clock is needed to obtain a good time resolution, which is essential for
this analysis. Unfortunately, the time marker for the jitter correction is not available
for this measurement. Applying this correction will bring further improvements of
the results. Increasing the statistics also helps to reduce the errors.
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Figure 7.5: Deviations from the nominal field in the central TPC region.
7.2 Measurements at the Maximum Drift Velocity
Inhomogeneities in the electric field do not only change the field in z direction, but
also introduce a transverse component of the field. Especially for measurements
without magnetic field, where the drift lines follow the electric field, this transverse
component causes distortions in the xy plane. The hodoscope provides reference
measurements for the x and the z coordinates and allows to create distortion maps,
which can be used to correct the TPC data and achieve a better resolution. The
following measurements have been performed at an electric field of 240 V/cm, which
corresponds to the maximum drift velocity.
7.2.1 Distortion Maps
To create distortion maps, the active volume of the chamber has been divided into
3D bins, 16 bins in x (one bin for two pads) and 15 bins in y (one for each row).
In the z direction the positions have been chosen dynamically according to the z
positions which were used during the test beam measurements. For each of these
3D bins, one histogram for ∆x and one for ∆z is filled. The mean values of these
distributions are then filled into a 3D array. If the number of entries in a histogram
is below 10, the distortion information for this grid point is flagged as invalid.
Distortions in x
Figure 7.6 shows the measured distortions ∆x versus x and y at three different z
positions: Near the readout, in the middle of the chamber and near the cathode.
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There are two components in the distributions: A statistical one which causes a
peak at the high-x edge of the distribution and one component which is growing
with increasing drift distance. The latter is an indication of deviations caused by
drift field distortions.
Distortions in z
The deviations in the z direction, shown in figure 7.7, have a characteristic shape:
The maximum is at y = −60, the lowest part is around y = 0 at the low-x edge
of the distribution. Unlike ∆x, the ∆z distribution does not change with the drift
distance. This means the distortions are caused in the drift space near the readout
or in the GEM structure. A strong indication for the latter is the fact that the
deviations change with the GEM setting (figure 7.8).
7.2.2 Corrections
For each reconstructed point the correction is calculated using the next four grid
points at the same y coordinate. The four corrections are weighted proportionally
to their inverse distance to the measured point. As the reconstruction algorithm
is row based, only one row is used for the distortion corrections and there is no
interpolation in the y direction. Figures 7.9 and 7.10 show the distortions without
correction and the remaining distortions after the correction, in the x and the z
direction, respectively. The remaining mean distortion in x is 50 ± 8 ţm, in z it
is 81 ± 8 ţm. This is below the respective single point resolution (best measured
values: sx = 150 ţm, sz = 206 ţm, see section 8.2).
After applying the distortion corrections, the deviation distributions are signifi-
cantly flattened, in the x as well as in the z direction.
7.2.3 Summary
Generating 3D distortion maps by measuring deviations between the TPC and the
hodoscope allows systematic studies of the deviations’ origin. The distortions of
the drift field mainly have an impact on the x coordinate, because they introduce
a transverse component of the electric field. This can be seen by the drift distance
dependency of the x distortions. In the z direction, the deviations are not dependent
on the drift distance. They originate from inhomogeneities in the GEM structure and
vary with the GEM settings. The deviations in both directions are well reproducible
and thus can be corrected for. As shown in figure 7.11 and 7.12 this correction
really improves the spatial resolution. In the whole drift range, the spatial resolution
sx of the corrected data is about 11 ţm better than for the non-corrected data. In
the z direction the improvement depends on the drift distance. It reaches from more
than 60 ţm near the readout to less than 20 ţm at z ≈ 220 mm.
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Figure 7.6: Distortions in x at 25 mm (top), 145 mm and 215 mm (bottom) drift
distance.
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Figure 7.7: Distortions in z at 25 mm (top), 145 mm and 215 mm (bottom) drift
distance.
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Figure 7.9: ∆x before (top) and after (bottom) the distortion corrections.
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Figure 7.10: ∆z before (top) and after (bottom) the distortion corrections.
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Figure 7.11: Spatial resolution in x with and without distortion corrections (in
Ar/CO2/CH4 93/2/5).
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8 Spatial Resolution
8.1 Definitions
Generally, the spatial resolution is defined as the mean distance of the reconstructed
points to the real particle track. For the measurements with the hodoscope, its data
is used as the “real” track. For the measurements performed at 4T magnetic field,
no reference track is available, because the hodoscope does not fit into the magnet’s
bore. Here a different definition has to be used, which is based only on the TPC
measurement. Both definitions will be introduced in the following sections.
As the reconstruction algorithm always sets the y position to the centre of the
pad row, the error of the reconstructed points in y direction is set to zero. Below,
only the resolutions in the x and the z direction are considered.
8.1.1 Definition 1: Spatial Resolution Measured With the
Hodoscope
In the hodoscope, x and z are parameterised as a function of y (x = a · y + b,
z = c·y+d). From these parameterisations, x and z in the hodoscope are determined
using the y value of the measured TPC point. The residuals ∆x and ∆z are the
distances between the TPC and the hodoscope measurement.
∆x = xtpc − xhod(ytpc)
= xtpc − a · ytpc − b
∆z = ztpc − zhod(ytpc)
= ztpc − c · ytpc − d
The widths of the ∆x and ∆z distributions correspond to the single point resolu-
tion in x and z, respectively. The distributions show long, non-Gaussian tails (see
fig. 8.1). Hence the width of a Gaussian fitted to the centre of the distribution would
yield too low values. Instead of the Gaussian sigma, the RMS of the distribution is
used as spatial resolution s:
sx = RMS(∆x)
sz = RMS(∆z)
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Figure 8.1: Distribution of the residuals ∆x measured between the TPC and the
hodoscope (histogram normalised to one).
To cut away outliers, a 5·RMS cut is applied recursively to the distribution. To give
an error estimation, the statistical error of the RMS, i. e. its standard deviation is
used.
In the example in figure 8.1, the width of the residual distribution is 293.3± 1.5 ţm.
The hodoscope itself has a limited resolution of 44 ţm. Subtracting this value
quadratically from the width of the residual distribution, the resolution of the TPC
measured with the hodoscope yields sx = 290.0 ± 1.5 ţm in this example.
8.1.2 Definition 2: Spatial Resolution Without Reference Track
For measurements without hodoscope, the individual points have to be compared to
the reconstructed track. In this case, the particular point does influence the result of
the track fit. The calculated RMS is a too optimistic value. To achieve an unbiased
result, the point is excluded from the track and the track is refitted. However, if
there is only a small number of reconstructed points, neglecting the point in the track
reconstruction gives a too pessimistic estimate. This is the case for the prototype
used in the present work. Therefore, for the resolution s the geometric mean of the
two RMS values, calculated including and excluding the analysed point, is used.
s =
√
RMSin ·RMSout
This is expected to be a good estimate of the true resolution [69]. In this example,
the resulting resolution is sx =
√
249.2 · 333.1 ţm = 288.1 ± 0.8 ţm (figure 8.2).
Comparing to the measurement with the hodoscope, which gives a resolution of
290.0± 1.5 ţm, both results are in good agreement.
Without a magnetic field, this method to determine the resolution works well.
But the widths of the charge clouds at 4 T are smaller than for the example shown.
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Figure 8.2: Distribution of the residuals with the specific point included (∆xin) and
excluded (∆xout) in the track fit.
In this case the estimated resolution might be too optimistic, because the track
is biased towards the reconstructed hits. This holds especially for the centre of
gravity method, which pulls the points to the centre of the pad with the largest
charge deposition. Since there is no hodoscope data avaliable for measurements in
magnetic field, a detailed TPC simulation [70][71] is used to verify the method in
this specific case and get an impression about the size of the bias. It simulates the
generation of primary ionisation including clustering and delta electrons in the TPC.
The diffusion of the produced electrons drifting to the readout plane is calculated
and the amplification in the GEM stack is modelled, using in-depth studies of the
charge transfer within a GEM structure [52]. Mapping the signal onto pads, taking
into account the shaping of the electronics, generates a very realistic ADC response.
The simulated data is subsequently reconstructed with the same software as the
measured data from the prototype.
The reconstructed points are now compared with the reconstructed track and the
Monte Carlo truth. One finds that the resolution determined by reconstruction only
is about 7 ţm too small (figure 8.3). Thus the measured resolution with respect to
the reconstruction is a little bit underestimated due to the bias introduced by this
method.
8.2 Measurements With the Hodoscope
For the measurements with the hodoscope there is always a reference track available.
Hence the unbiased definition for the resolution s as described in 8.1.1 is used. All
measurements were performed with a 1.5◦ angle of the particle track in the xy plane
with respect to the y axis. The angle in the zy plane is always 0◦.
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8.2.1 Spatial Resolution in x
Figure 8.4 shows the square of the resolution sx against the drift distance. A linear
rise of s2x is observed. This effect is caused by the broadening of the charge cloud due
to tranverse diffusion, which is not suppressed, as the measurement was performed
without magnetic field. The best resolution is measured at a drift distance of 24 mm.
It is found to be sx = 150±1 ţm. The ordinate intercept should be a measure of the
intrinsic resolution without diffusion effects. Unfortunately, the measured s2x values
are large compared to the intercept and the slope of the straight line is relatively
steep. As a result, the intercept is not a useful measure, as we will see in the next
section.
Resolution for Different Gases
The test beam measurements were performed using several gas mixtures with dif-
ferent diffusion coefficients. As we have seen above, the spatial resolution in x
without magnetic field is dominated by the diffusion. This should result in different
resolutions for the different gases.
Most of the measurements were done with the mixture proposed in the technical
design report (TDR) of the TESLA project [19], which is Argon mixed with 2% of
carbon dioxide and 5% of methane (Ar/CO2/CH4 93/2/5), referred to as “TDR gas”
below. If not denoted otherwise, all measurements presented in this chapter were
performed with the TDR gas mixture. The other gases used were Ar/CH4 95/5 and
Ar/CO2 98/2. Especially the latter is an interesting mixture, as it does not contain
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Figure 8.4: Square of the resolution sx versus z.
hydrogen, which might cause problems due to a possibly high neutron background
at the ILC.
Figure 8.5 shows the spatial resolution in the x direction achieved with the three
gases. Again, the square of the resolution is plotted against the drift distance. As
expected, the curve for Ar/CH4 95/5, the gas with the largest transverse diffusion,
has the steepest slope. But here the straight line does not fit the data. Due to
the large diffusion in this gas, the charge is distributed across many pads, reducing
the signal on each individual pad. The limited resolution of the ADC (8 bits)
and the high thresholds cut away the tails of the distribution. This degrades the
spatial resolution, especially for large drift distances. For Ar/CO2 98/2 the measured
points are in good agreement with a straight line, but the ordinate intercept is
negative. This shows that the measurements reproduce the expected behaviour, but
the determination of the intrinsic detector resolution from the ordinate intercept does
not work. The best measured resolutions without a magnetic field (at z ≈ 25 mm)
are 150±1 ţm for the TDR gas mixture, 180±1 ţm for Ar/CO2 98/2 and 242±1 ţm
for Ar/CH4 95/5.
8.2.2 Spatial Resolution in z
Besides diffusion, the resolution in the drift direction additionally depends on the
ADC’s readout frequency and the pulse shaping of the preamplifiers. In this setup,
the fast Preshape32 preamplifiers are operated together with 12.5 MHz ADCs. As
a result, the pulses are only 2 or 3 time samples long (figure 8.6). In this case, the
centre of gravity reconstruction method biases the mean value towards the centre
93
8 Spatial Resolution
 0
 0.1
 0.2
 0.3
 0.4
 0.5
 0.6
 0.7
 0.8
 0.9
 0  50  100  150  200  250
s x
2  
[m
m]
z [mm]
Ar/CO2/CH4 93/2/5Ar/CO2 98/2Ar/CH4 95/5
Figure 8.5: Square of the spatial resolution in x for different gases without magnetic
field.
Entries  873420
Mean    2.177
RMS    0.6193
Time Samples per Pulse
0 2 4 6 8 10 12 14 16 18 20
N
um
be
r o
f E
nt
rie
s
0
100
200
300
400
500
310×
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Figure 8.7: The beam profile in z, measured with the TPC and the hodoscope.
of the time bin with the maximal charge. This effect can be seen when looking
at the distribution of the reconstructed times in the TPC (figure 8.7(a)). In this
measurement the chamber has not been moved within the test beam. Therefore,
the measured z coordinates should show the beam profile. One observes a finger
structure modulated onto the profile of the beam. The fingers have an interval of
80 ns, which is the length of one time sample.
To assure that the structure is not part of the actual beam profile, the same
measurement performed with the hodoscope is shown in figure 8.7(b). One obtains
a smooth profile and no fingers are observed.
The angle of the tracks in the zy plane is 0◦ in the test beam measurements
and all pulses are at the same z coordinate. This causes the complete track to be
biased, all points are shifted towards the centre of the same time bin. Therefore
only the resolution determined using the hodoscope will give reliable results for the
z direction. As shown in section 6.5, this does not work without correcting the
jitter between the trigger and the TPC clock, which requires a time marker to be
recorded together with the signal. However, the time marker is not available for
the measurements with TDR gas. Therefore the following results are shown for the
Ar/CO2 98/2 mixture.
Figure 8.8 shows the squared z resolution against the drift distance. For small
drift distances, one observes a deviation from the expected linear correlation. Here
the resolution limit of this prototype setup is reached, mainly because of the short-
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Figure 8.8: Resolution in the z direction in Ar/CO2 98/2.
comings of the electronics used.
The best measured value at z = 29 mm is sz = 206 ± 1 ţm. The slope of
the straight line is smaller than for the x resolution shown in figure 8.5. This is
expected, as the longitudinal diffusion is lower than the transverse diffusion. How-
ever, the longitudinal diffusion will not be reduced by a magnetic field along the
drift direction. Therefore this measurement should give a good estimate for a
large TPC. Extrapolating the straight line to 2.5 m drift distance yields a value
of sz(2.5 m) = 913± 12 ţm. This matches the requirements stated in the TESLA
TDR [19]. Taking into account the shortcomings of the currently used ADCs and the
simple centre of gravity reconstruction method, these results can even be improved
with the final electronics and software.
8.2.3 Resolution for Different GEM Settings
The GEM settings optimised to suppress the ion backdrift (IB) have a very low
field in the second transfer gap (see section 3.4.3 and reference [52]). Due to this
low field the extraction from the second GEM is diminished and this could result
in a reduced spatial resolution compared to the so-called standard setting, which
has transfer fields of 2500 V/cm and the same voltage across all GEMs. Table 8.1
presents the GEM voltages and field settings. The setting optimised for minimal
ion backdrift provides the same total gain as the standard setting, while the ion
backdrift ι is reduced from 0.075 to 0.005. The optimised setting turned out to be
quite instable in operation due to the high voltage at the third GEM and the very
high induction field, so a third setting with more moderate settings was used for
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UGEM1 Etrans1 UGEM2 Etrans2 UGEM3 EindSetting
[V] [V/cm] [V] [V/cm] [V] [V/cm]
Standard 310 2500 310 2500
60
100
310 5000
IB optimised 313 6000 314 350 8000
IB optimised (moderate) 328 4000 328 340 6000
Table 8.1: Settings of the readout structure used for the test beam measurements.
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Figure 8.9: Square of the resolution sx versus z in dependence on the GEM settings,
measured in Ar/CO2/CH4 93/2/5.
most of the measurements. According to the parametrisation in [52] this setting still
provides a good ion backdrift suppression (ι = 0.012) and works very reliably.
The spatial resolution in the x direction is shown in figure 8.9 for the three GEM
settings. They all provide the same spatial resolution. This shows that the gas
amplification in the first two GEMs provides enough electrons and the low extraction
from the second GEM does not have a negative influence on the spatial resolution.
Spatial Resolution in z
The spatial resolution in the z direction depends on the GEM setting (figure 8.10).
The values from the ion backdrift optimised setting are about 10 ţm above those
from the standard setting. This is caused by the smaller length of the peaks in the
former one. Figure 8.11 shows the mean number of time samples per pulse. One
can see that the pulse length is shorter for the ion backdrift optimised measurement,
which is due to the fact that the fields between the GEMs cause smaller diffusion for
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Figure 8.10: Resolution in the z direction in Ar/CO2 98/2 gas for ion backdrift
optimised and standard GEM settings.
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Figure 8.11: Lengths of the peaks measured with ion backdrift optimised and stan-
dard GEM settings in Ar/CO2 98/2 .
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Figure 8.12: Radii and transverse momenta of the measured tracks in a 4 T magnetic
field.
this setting. The bias of the centre-of-gravity-based reconstruction method is larger
in this case, which affects the resolution.
Again, the ion backdrift optimised setting performs as well as the standard set-
ting. The slightly degraded resolution in the time direction can be explained by the
shortcomings of the reconstruction.
8.3 Measurements in a 4 T Magnetic Field
For the measurements in the 4 T magnet no reference track from the hodoscope is
available. This means the resolution definition given in section 8.1.2 has to be used.
To confirm that the track reconstruction works reliably, the radii of the measured
tracks are shown in figure 8.12. One can see that the distribution is cut off for radii
below ≈ 1000 mm. This corresponds very well to the estimated minimal radius
of 900 mm due to the geometrical acceptance of the trigger system [62]. As the
helix radius is proportional to the particle’s transverse momentum p⊥, this plot also
represents a p⊥ spectrum. All measured transverse momenta are above ≈ 1 GeV.
The spatial resolution sx for both the optimised and the standard GEM settings
is depicted in figure 8.13. As it is expected, the dependency on the drift distance
due to transverse diffusion is much smaller than without magnetic field. A small
rise for z > 150 mm can be seen for the standard setting, but the diffusion does not
significantly limit the resolution. Like in the measurements at 0 T, the two settings
do not differ very much. Both curves show a degradation for short drift distances.
It is caused by the width of the electron cloud becoming small. As the current
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Figure 8.13: Resolution sx versus z at 4 T magnetic field. The design goal is extra-
polated from the values stated in the TESLA TDR [23]: sx = 0.07 mm
for z = 100 mm; sx = 0.19 mm for z = 2000 mm.
reconstruction method does not use a pad response function, the bias of the TPC
points is getting larger with decreasing width of the electron cloud (see appendix D).
This also explains why the standard setting gives a slightly better resolution in
this area: The optimised setting has less diffusion in the transfer gaps and thus the
width of the charge cloud is even smaller. Once again, the ion backdrift suppressing
setting is disadvantaged by the reconstruction. However, the spatial resolution is
not degraded significantly.
The best measured resolution is 124±2 ţm for the standard setting. This is almost
a factor of two above the goal of 70 ţm at 100 mm drift distance, as stated in the
TESLA TDR [23]. But the data is not corrected for field distortions, as there is
no reference track for the measurements in magnetic field. Applying the corrections
determined at 0 T could not improve the resolution. This is not surprising, as the
field inhomogeneity near the readout structure described in section 7.1.2 introduces
E×B effects and the electrons are deflected in a different direction. Hence a first
step to improve the resolution is to enhance the field homogeneity by correcting the
alignment of field cage and gas amplification structure. The simultaneous operation
of a TPC and a hodoscope in a magnetic field is planned for a large TPC prototype
which is currently designed at DESY Hamburg as part of the EUDET detector R&D
project [72].
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A TPC is proposed as the main tracking device in three of the four concept studies
for an ILC detector. To achieve the required spatial resolution, micro pattern gas
detectors like GEMs and Micromegas are studied as gas amplification structures.
This thesis presents measurements with a TPC prototype, equipped with a triple
GEM readout structure. It was operated in a silicon strip hodoscope at the DESY
test beam facility. The hodoscope has a spatial resolution of 44 ţm, which is better
than the anticipated resolution of the TPC. The reference measurements with the
hodoscope allow an accurate determination of the drift velocity and the absolute
drift distance.
The alignment of the TPC and the hodoscope is determined from the data taken
during dedicated calibration runs. After the calibration, the relative positioning is
known within 3 ţm in the x and 4 ţm in the z direction.
By comparison with the hodoscope measurement, the homogeneity of the TPC’s
electric field has been determined. It was found that there is a deviation of 2.2 %
from the nominal field near the readout. In the central region of the TPC no
systematic deviation was found. However, there are fluctuations of ∆E/E = 8 ·10−3
whose origin could not be established. To verify the design goal of ∆E/E ≤ 10−4
the measurement has to be improved.
Distortion maps have been created from the systematic deviations between the
TPC and the hodoscope measurements. It was found that the deviations in x direc-
tion are dependent on the drift distance and thus originate from distortions of the
drift field. The deviations in z direction are mainly created within the GEM stack,
as they are independent of the drift distance, but depend on the voltage settings
of the GEMs. Correcting for the systematic distortions reduces the deviations to
50± 8 ţm in the x and 81± 8 ţm in the z direction, which is below the single point
resolution of the TPC.
The spatial resolution has been measured for different gases. As the measurements
were performed without magnetic field, the resolution is mainly determined by the
diffusion. The best measured value is sx = 150 ± 1 ţm for Ar/CO2/CH4 93/2/5,
which is the gas with the lowest transverse diffusion at 0 T.
As an example for a gas without hydrogen atoms in the quencher, Ar/CO2 98/2
has been tested. This gas allows a stable operation of the TPC, although the fraction
of quencher is only 2 %. It could be an interesting mixture if it turns out to be crucial
to avoid hydrogen in the quencher gas because of neutron background. The best
spatial resolution achieved with this gas mixture is sx = 180± 1 ţm.
The measured spatial resolution in z for a drift distance of 10 cm is 246± 2 ţm,
which is far below the anticipated resolution of 600 ţm for this drift distance, as
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stated in the TESLA TDR. The fast preamplifiers which have been used together
with the comparatively slow ADCs introduce a systematic bias. With enhanced
electronics, the z resolution can even be improved.
GEM settings to minimise the backdrift of ions into the drift volume have been
tested. It was suspected that these settings might degrade the spatial resolution
due to a very low transfer field between two of the GEMs. The measurements show
that this is not the case. The slightly degraded resolution in z can be explained by
shortcomings of the electronics used.
The best resolution measured in a 4 T magnetic field is 124 ± 2 ţm. As expected
there is no significant degradation due to diffusion within the 260 mm drift distance
for these measurements. However, the resolution is almost a factor of two larger than
the TESLA design goal of 70 ţm at 100 mm drift distance. The reason is that this
data was not corrected for field distortions. The deviations near the readout plane
and within the GEM stack introduce E × B effects, which degrade the resolution.
To improve the results, these distortions have to be understood and eliminated first.
Again the ion backdrift optimised GEM settings showed good performance. The
slightly degraded resolution can be explained by the resolution limit due to the pad
size used.
GEMs are promising candidates for gas amplification structures in TPCs, pro-
viding good ion backdrift suppression without degrading the spatial resolution. To
reach the resolution required by the physics needs of the ILC, the field distortions
have to be controlled and corrected. This is one of the tasks of a large TPC proto-
type currently under construction at DESY. It will allow simultaneous measurements
with a TPC and a hodoscope in magnetic fields at a test beam facility.
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The following tables give an overview of the gases, magnetic fields and electrical
settings of the TPC used for the measurements presented in the referenced figures.
The gas mixture Ar/CO2/CH4 93/2/5 was proposed in the TDR of the TESLA
project and will be referred to as “TDR” gas below. Ar/CH4 95/5 usually is called
“P5”. Ar/CO2 98/2, also known as “Sagox 2”, is abbreviated with “Sx2”.
Chapter 5
Fig. Gas B Edrift UGEM1 Etrans1 UGEM2 Etrans2 UGEM3 Eind
[T] [V/cm] [V] [V/cm] [V] [V/cm] [V] [V/cm]
5.3 TDR 0 240 310 2500 310 2500 310 5000
Chapter 6
Fig. Gas B Edrift UGEM1 Etrans1 UGEM2 Etrans2 UGEM3 Eind
[T] [V/cm] [V] [V/cm] [V] [V/cm] [V] [V/cm]
6.10 TDR 0 240 310 2500 310 2500 310 5000
6.12 TDR 0 240 310 2500 310 2500 310 5000
6.13 TDR 0 240 310 2500 310 2500 310 5000
6.14 TDR 0 240 310 2500 310 2500 310 5000
6.15 TDR 0 240 310 2500 310 2500 310 5000
6.16 TDR 0 240 310 2500 310 2500 310 5000
6.17 Sx2 0 180 315 2500 315 2500 315 5000
6.18 Sx2 0 180 315 2500 315 2500 315 5000
6.19 Sx2 0 180 315 2500 315 2500 315 5000
6.23 Sx2 0 180 315 2500 315 2500 315 5000
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Chapter 7
Fig. Gas B Edrift UGEM1 Etrans1 UGEM2 Etrans2 UGEM3 Eind
[T] [V/cm] [V] [V/cm] [V] [V/cm] [V] [V/cm]
7.2 TDR 0 80 310 2500 310 2500 310 5000
7.3 TDR 0 80 310 2500 310 2500 310 5000
7.4 TDR 0 80 310 2500 310 2500 310 5000
7.5 TDR 0 80 310 2500 310 2500 310 5000
7.6 TDR 0 240 310 2500 310 2500 310 5000
7.7 TDR 0 240 310 2500 310 2500 310 5000
7.8
{
Sx2 0 180 315 2500 315 2500 315 5000
Sx2 0 180 315 4000 315 100 340 6000
7.9 TDR 0 240 310 2500 310 2500 310 5000
7.10 TDR 0 240 310 2500 310 2500 310 5000
7.11 TDR 0 240 310 2500 310 2500 310 5000
7.12 Sx2 0 180 315 2500 315 2500 315 5000
Chapter 8
Fig. Gas B Edrift UGEM1 Etrans1 UGEM2 Etrans2 UGEM3 Eind
[T] [V/cm] [V] [V/cm] [V] [V/cm] [V] [V/cm]
8.1 TDR 0 240 328 4000 328 100 340 6000
8.2 TDR 0 240 328 4000 328 100 340 6000
8.4 TDR 0 240 310 2500 310 2500 310 5000

TDR 0 240 310 2500 310 2500 310 5000
8.5 Sx2 0 180 315 2500 315 2500 315 5000
P5 0 90 315 2500 315 2500 315 5000
8.6 TDR 0 240 310 2500 310 2500 310 5000
8.7(a) TDR 0 240 310 2500 310 2500 310 5000
8.8 Sx2 0 180 315 2500 315 2500 315 5000

TDR 0 240 310 2500 310 2500 310 5000
8.9 TDR 0 240 313 6000 314 60 350 8000
TDR 0 240 328 4000 328 100 340 6000
8.10
{
Sx2 0 180 315 2500 315 2500 315 5000
Sx2 0 180 315 4000 315 100 340 6000
8.11
{
Sx2 0 180 315 2500 315 2500 315 5000
Sx2 0 180 315 4000 315 100 340 6000
8.12 TDR 4 240 310 2500 310 2500 310 5000
8.13
{
TDR 4 240 310 2500 310 2500 310 5000
TDR 4 240 300 4000 300 100 340 6000
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B.1 Raw Data Format
The raw data file format is a simple binary data format. Its file header contains
only one byte, describing the number of TPDs used. After the file header, the events
are written consecutively. The event size depends on the number of TPDs n. Each
event has a time stamp (long integer with big-endian byte order) and 512 bytes per
channel, 64 channels per TPD.
File Header
Number of Bytes Type Description
1 unsigned char Number of TPDs (n)
Event
Number of Bytes Type Description
4 unsigned long Unix time
n · 64 · 512 unsigned char Raw data of all channels
B.2 Zero Suppressed Raw Data (ZSR)
The zero suppressed raw data (ZSR) format is a binary data format with big-endian
byte order. The file starts with a file header, followed by the events. Each event
consists of an event header, followed by the hit data.
File Header
Number of Bytes Type Description
4 unsigned long Length of header in bytes (incl. these 4)
1 unsigned char Number of TPDs (n)
n · 64 · 8 2 · float Pedestals and sigma of pedestals
1 unsigned char Cut for threshold (number of sigmas)
1 unsigned char Type of checksum (0 = nr. of bytes, 1 = crc32)
105
B Data Structures and Classes
Event Header
Number of Bytes Type Description
1 unsigned char NULL byte for syncing (0x0)
4 unsigned long Checksum
1 unsigned char NULL byte for syncing (0x0)
4 unsigned long Unix time
4 unsigned long Microseconds of Unix time
4 unsigned long Trigger number
2 unsigned short Number of hits
Hit
Number of Bytes Type Description
2 unsigned short Channel number
1 unsigned char Number of time samples (s)
2 unsigned short First time sample
s unsigned char Sampled data
B.3 Peaks
Each peak corresponds to one hit on a specific channel. The peaks do not contain a
channel number, but are saved in a channel class which contains the channel number
and an array of peaks.
TPCPeak
Type Name Description Unit
int SumQ Sum of charge in peak ADC counts
int EdgeQ First ADC value above threshold ADC counts
int MaxQ Maximum ADC value in peak ADC counts
float AvTime Average time of peak Time samples
int EdgeTime Time of first bin above threshold Time samples
int MaxTime Time of maximum ADC value Time samples
int PeakWidth Width of peak Time Samples
Number of Particles that
int NumberOfParticles
contributed to peak (simulation)
Particle number of first
int ParticleNr
generator particle (simulation)
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B.4 Points
TPCPoint
Type Name Description Unit
float X x coordinate mm
float Y y coordinate mm
float Z z coordinate mm or ţs
float Q Charge ADC counts
int NPads Number of pads that contributed to point
float SigmaX Error on the x coordinate mm
float SigmaZ Error on the z coordinate mm
int QualityFlags Quality flags of the point
B.5 Straight Tracks
The straight line describing the track is parameterised by the slope and an axis
intercept in the xy and in the zy projection.
TPCTrack
Type Name Description Unit
int NTrackPoints Number of points on the track
TPCPoint[ ] TrackPoints Array of TPCPoints on the track
float a Slope in the xy projection
float b x axis intercept in the xy plane mm
1 or
float c Slope in the zy projection
ţs/mm
mm or
float d z axis intercept in the zy plane
ţs
Mean x distance of the measured
float SigmaX
points to the straight line
mm
Mean z distance of the measured
float SigmaZ
points to the straight line
mm
int FitAlgorithm Number of fit algorithm used
int FitQuality Status flag for the fit quality
Bit mask describing which point flags
int BadPointsMask
to be taken into account
Number of points which are valid
int NValidPoints
according to BadPointsMask
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Figure B.1: Visualisation of the helix parameters.
B.6 Helixes
The helix parameters were chosen according to [73]:
x(s) = x0 +
1
|κ| [cos (φ0 + sκ cos λ)− cos φ0]
y(s) = y0 +
1
|κ| [sin (φ0 + sκ cos λ)− sin φ0]
z(s) = z0 + s sin λ
The helix is parameterised along its path length s. Its parameters are visualised
in figure B.1. TPCHelixTrack is derived from TPCTrack, so all the track
properties like the number of points, the points array, fit quality etc. are available.
TPCHelixTrack
Type Name Description Unit
double X 0 x coordinate of the starting point mm
double Y 0 y coordinate of the starting point mm
double Z 0 z coordinate of the starting point mm or ţs
double Kappa Signed curvature of the helix (1/|κ|=R) 1/mm
double Lambda Dip angle in the sz plane, i. e. arctan (pz/p⊥) rad1
Azimuth angle of the starting point
double Phi 0
w. r. t. the helix axis
rad
1If the z coordinate of the track is given in ţs, the unit of λ is undefined. In calculations usually
tan(λ) is used, which then is in units of ţs/mm.
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Figure C.1: The drift velocity of TDR gas around its maximum at 240 V/cm has
been approximated by a parabola.
The dependence of the drift velocity on the electric field is small at the maximum
of the drift velocity. To get an estimate of the influence of small field distortions in
the spatial resolution, the drift velocity of TDR gas has been simulated in the area
around 240 V/cm. In the range from 210 V/cm to 270 V/cm the distribution can
be approximated by a parabola (figure C.1).
vdrift(E) = aE
2 + bE + c
The fitted parameters are:
a = −53.0 · 10−5 ± 1.2 · 10−5 mm
ţs
(
V
cm
)−2
b = 0.256± 0.006 mm
ţs
(
V
cm
)−1
c = 14.8± 0.7 mm
ţs
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D Bias of the Centre of Gravity
Method
Throughout the present work all data has been reconstructed calculating the centre
of gravity of the measured signals. This method introduces a bias, as mentioned
several times. As an example, this effect is studied for a charge cloud being recorded
on a pad plane.
The charge cloud with the total charge Q is mapped onto the pads. The charge
density function is assumed to be Gaussian shaped:
ρ(x) =
Q
σ
√
2pi
e−
(x−µ)2
2σ2
The resulting charge deposition on pad number i is
qi =
xmaxi∫
xmini
ρ(x) dx =
1
2
(
erf
(
xmaxi − µ√
2σ
)
− erf
(
xmini − µ√
2σ
))
xmini is the left edge of the pad, xmaxi the right one. The distribution of the charge
across the pads is usually referred to as pad response. The density distribution and
the pad response are shown in figure D.1.
From the pad response the sought-after coordinate has to be calculated. In this
case it is the mean value of the Gaussian distribution µ. The reconstruction method
used in this work calculates the centre of gravity of the charge:
x¯ =
∑
i
qixi∑
i
qi
xi is the centre of pad number i. If the width σ of the charge distribution is sig-
nificantly smaller than the pad width, x¯ is biased towards the centre of the pad
which received the largest amount of charge. The reconstructed coordinate versus
the centre of the original charge distribution is shown in figure D.2. One can see
that the bias is largest for small widths of the charge cloud. With increasing width,
the function approaches a straight line. If the charge distribution is broad enough
to deposit a significant amount of charge on at least four or five pads, the bias is
negligible.
To reconstruct the correct coordinate from the pad response for the case that two
or three pads are hit, the charge distribution function has to be known. The real
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Figure D.1: A Gaussian distribution and its integral on each pad.
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Figure D.2: The reconstructed coordinate versus the original position in dependence
on the width of the charge cloud.
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pad response function is more complicated than the integral shown above. On the
one hand, the charge is not Gaussian distributed, due to statistical fluctuations in
the gas amplification of a GEM stack. On the other hand the signal is sampled
using an ADC, which has a limited resolution and a threshold to cut away noise.
This also cuts off part of the signal.
A bias due to the centre of gravity reconstruction method always occurs if a
distribution is mapped into discrete bins. For instance if a pulse is sampled with
an ADC, the signal is binned into time slices. If the signal has a length of only two
or three time samples, the reconstructed time is biased towards the centre of the
bin with the largest ADC value. This leads to a dependence on the phase between
signal and ADC clock, as shown in section 8.2.2.
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